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Abstract
This research effort investigates the manipulation of surface electrochemical reactions induced
by oscillating electric potentials on the surface of metal-based electrodes. Specifically, this
research presents experimental data identifying modified electrochemical surface reactions caused
by low magnitude electric potential oscillations on multilayered catalytic membranes and on
implanted biometallic alloys. The scope of this effort consists of four major components: (1)
perform an exhaustive literature review and analysis of the current understanding in applied
surface electrochemistry and develop potential theoretical frameworks by which to interpret the
experimental results; (2) identify the electrochemical manipulation via electrical oscillation while
reacting nitric oxide on a multilayered ceramic membrane in combustion exhaust; (3) demonstrate
that low magnitude electric potential oscillation are sufficient to induce corrosion of implanted
biometallic alloys; (4) evaluate ambient electromagnetic radiation as a contributing factor to the
complex corrosion of implanted ASTM F1537 CoCrMo.
Although electrochemistry has been a driving force of many modern technologic
advancements and the fundamental relations of electrochemistry have existed for over 100 years,
current techniques do not adequately address the possibility for high frequency spatially and
temporally varying electromagnetic potential fields and their effects on surface reactivity. Modern
electrochemical theory remains focused on quasi-steady state reduction and oxidation reactions.
Expanding upon existing theoretical models, such as the Newns-Anderson model for surface
adsorbate systems, three feasible mechanisms of action are proposed by which spatially and
temporally varying electromagnetic fields may interact to alter surface chemical reactions at the
boundary of a metal-based electrode: direct shifting of the d-band center on the metallic surface, a

photon-phonon interaction leading to the creation of a phonon-polariton, and/or the evolution of a
complex three dimensional field with surface normal.
When investigating a multilayered ceramic electrochemical catalytic membrane for
automotive emission reduction, it was concluded that the presence of high frequency, low
magnitude electric potential oscillations resulted in a manipulation of the predicted chemical
pathway during the conversion of NO into diatomic nitrogen and oxygen. The electrical activity
altered the initial surface electrochemical reaction toward the less probable formation of N 2O,
instead of NO2, ultimately resulting in greater NO reduction efficacy, compared to a Pt catalyst.
Electrical stimulation (at 200 mVpp, >25MHz) of ASTM F1537 CoCrMo within a simulated
synovial fluid resulted in significant corrosion activity. The chemical composition of corrosion
products grown via electrical stimulation match that of recovered in vivo corrosion products. The
corrosion products contain primarily Cr2O3, CrO3, phosphates, molybdates, CrOH, and CoOH,
with varying concentrations of Ca, P, and Co.
Furthermore, this work demonstrates that the ambient electromagnetic field in a standard
university laboratory can induce sufficient electrical activity to initiate the corrosion of ASTM
F1537 CoCrMo in a simulated synovial fluid environment. Samples shielded from electrical
activity did not demonstrate corrosion activity, whereas samples subjected to ambient
electromagnetic activity showed formation of Cr2O3 and potentially CrO3 with significant
concentrations of Ca, P, N, and Na.
The work presented throughout this thesis provides foundational experimental data which
identifies a novel electrochemical reaction manipulation phenomenon arising from temporally and
spatially varying electromagnetic fields. This electrochemical phenomenon is believed to persist
across a general electrochemical system and deserves significant future study.
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Chapter 1.

Introduction

1.1 Background and Introduction
Although the field of electrochemistry has existed for over 100 years and has served as the
basis for many modern technological advances such as the fuel cell, battery, semiconductor, and
many other technologies utilizing reduction-oxidation reactions; we remain unable to accurately
account for the effects of nonionizing, non-conservative, oscillatory electric fields on dynamic
chemical reactions. Advancements in technology have increased the proliferation of ambient
electromagnetic fields within our modern society. However, the foundation of modern
electrochemical theory was developed prior to the invention of wireless communication and the
deluge of manmade electromagnetic radiation sources. Simultaneously, the scientific community
seeks to develop increasingly complex systems, requiring precise chemical control, within an
environment under constant bombardment from temporally and spatially varying electromagnetic
fields.
Current theory is capable of accurately predicting only quasi-steady state reactions within a
complex system and limited dynamic chemical responses within simple systems. There exists a
need to develop a fundamental understanding, through practical experimentation, of these effects
to accurately predict and control complex electrochemical systems necessary for future
technologic advancement. The introduction of nonionizing, high frequency electric fields may
allow for increased variability in the possible chemical reactions that can occur on the surface of
an electrically conductive/semi-conductive solid within a complex electrolytic solution by
manipulating the quantum energy states and potentially the ligand/geometric configurations at the
reactive surface. Moreover, nonionizing, low magnitude electrical oscillations may be able to
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preferentially excite wave functions within the solid to selectively manipulate the preferred surface
reaction.
This research seeks to understand how low-magnitude electrical oscillations can
fundamentally alter the predicted chemical reactions occurring at an electrically conductive
solid/fluid interface. This investigation is meant to elucidate fundamental electrochemical
principles regarding the diverse spectrum of electromagnetic radiation that did not exist during the
development of the basic theories of modern electrochemistry but must be understood in the
modern world. The work presented here combines foundational experimental results with a
discussion of a theoretical framework to investigate dynamic surface electrochemical reactions.
Specifically, this work studies the possibility for altered chemical reaction pathways excited at the
interface between the surface of a transition metal group solid and a reactive fluid arising from
oscillating electric fields. The research problems will be studied through a first principles
perspective and attempt to discuss the results without prior assumption or simplification. This
approach is adopted so that the conceptual results may be applied broadly.
In accordance with conserving generality, the present experimental research investigates two
seemingly disparate applications of electrochemistry, the reduction of automotive combustion
emissions with solid oxide fuel cell (SOFC) material, and the electrochemical corrosion of
implanted biomedical metal alloys. Although the research areas appear to be in opposition to one
another, one a high temperature combustion phenomenon and the other a low temperature
biomedical application, the same type of electric potential oscillations can induce altered surface
chemical reactions in both systems. Because of the unique aspects and the dichotomy of topics
investigated here, a discussion of the background and motivation behind each topic is left to
Chapter 2, Section 2.6: Current State of the Art in Applications of Electrochemistry. To effectively
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communicate the motivation behind each topic area, this author feels as though the reader should
first digest the literature review provided on the fundamentals of electrochemistry. As such, the
literature review section has been expanded in place of a traditional introduction here. The unity
of topics is realized by first establishing the core electrochemical relations and then approaching
the experimental results from an electrochemical science perspective, rather than an engineering
applications perspective.
1.1.1 Innovation and Focus Development
The research concept began as an investigation into the potential for SOFCs, an
electrochemical cell, to be used as a catalyst membrane to react combustion byproducts. During
such work, it was discovered that an oscillatory electrical potential could be responsible for the
increased effectiveness of nitric oxide reduction when compared to traditional catalytic converters.
The results from this study have been recently published at Nature Scientific Reports.
This electro-chemical reaction phenomenon arising from an oscillatory electric potential is
thought to be present at any interface of a chemically reactive flow and a metal electrode, so long
as the metal electrode is connected through a dielectric to a secondary electrode where voltage
fluctuations are possible, either autonomously or externally imposed, and the metal electrode is
comprised of material that is not completely inert to the surrounding flow, i.e. the material could
theoretically form bonds to the chemical species within the surrounding fluid though it may be
energetically unfavorable. My adviser and I, in cooperation with Dr. Ricciardi at the University of
Rochester Medical Center believed that this phenomenon could be at the root of the chemical
corrosion seen on many hip implants, as the hip joint replicates the multi-electrode configuration
discussed above surrounded by chemically reactive synovial fluid.
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1.2 Objectives
The objective of the present research was to obtain new experimental data which identifies a
novel electrochemical reaction manipulation phenomenon arising from temporally and spatially
varying electromagnetic fields. The presence of such fields during the time of reaction, which
impress a varying electric potential on the surface of a metal-based electrode, may fundamentally
alter the expected surface reaction at the boundary between the solid metal-based electrode and
the surrounding reacting fluid. The overarching aim of this research was to identify the
phenomenon and provide sufficient experimental data to serve as a foundation, off which future
work may grow, and to feasibly demonstrate its application across the electrochemical field. As
such, this work demonstrates its applicability to high temperature catalyzing ceramics and to low
temperature corrosion of implanted biomedical metals. The specific points of this thesis are as
follows:
1. Perform a detailed literature review to understand the current electrochemical, surface
chemistry, and heterogeneous catalysis theory and how they relate to materials science.
The literature review of fundamental electrochemical theory is then expanded to address
modern applications. Namely, electrochemical theory is applied to the current state of the
art in automotive emission catalysts and the corrosion of implanted biomedical metal
alloys. Additionally, significant shortcomings in the literature are identified and discussed.
The literature review serves as the basis for all experimental design and analysis.
2. Based on the literature review, investigate the unique perovskite structure and properties
of SOFC materials as new catalytic material for the reduction of automotive emissions.
SOFC material is compared against traditional platinum group metals (PGM) catalysis for
emission reduction.

4

3. Compare SOFC cathode material against PGM catalysts for NO reduction in a simplified
experimental model.
4. Document and study the oscillating electric potential present on the SOFC while reacting
NO. Identify that the magnitude of electric potential oscillation correlates to an altered
chemical reaction pathway.
5. Determine if the naturally occurring electric potential oscillation discovered with SOFCs
can be adapted to a different system and temperature regime to explain complex
electrochemical reactions not addressed by current theory.
6. Investigate the possibility of oscillating electric potentials inciting the generation of
chemically complex corrosion products on total hip arthroplasty (THA) implants.
7. Verify that ambient, spatially, and temporally varying electromagnetic fields can induce
sufficient surface potentials to initiate corrosion of biomedical metal alloys.
8. Develop a theoretical framework by which to interpret the experimental results as they
relate to the general field of electrochemistry
9. Propose recommendations, based on the results of this work, for future directions of study
as the proliferation of manmade electromagnetic radiation sources increases with societies’
technologic advances.

1.3 Research Scope
The scope of this work is to primarily identify an unexplored electrochemical reaction
phenomenon and provide a feasibility study documenting its application to the reduction of NO
combustion emissions and to the corrosion of THA implants subjected to ambient electromagnetic
radiation. The work presented here consists of four major components:
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First, an exhaustive literature review and analysis of the current understanding that will
develop new experimental data which advances the field of applied electrochemistry. Following
this, new theoretical ideologies and frameworks may be developed to further the understanding of
the physical world and exploit natural phenomena for the benefit of mankind. This work includes
a literature review, beginning with the fundamental electrochemical relationships established prior
to the discovery of the electron and is then carried forward to the modern interpretation of surface
reactivity in the Newns-Anderson model in conjunction with a discussion on chemisorption energy
trends. The foundational theories of electrochemistry are then applied to the sciences of
heterogeneous catalysis and electrochemical metallic corrosion, specifically targeting the
reduction of NO combustion emissions and the corrosion of THA implants. The shortcoming of
applied electrochemical theory as it pertains to oscillating electric potentials influencing chemical
probability is identified. After the experimental results are presented, this work returns to a
conceptual discussion to provide a framework by which to interpret the experimental results.
Thereby providing a hypothesis for the mechanism of action of electromagnetic radiation and
induced electric potentials, and how they may selectively alter surface chemical reactions.
Second, the discovery of the manipulation of the chemical reaction pathway via electric
potential oscillation, which occurred while evaluating SOFC materials against traditional PGM
catalysts for automotive emission reduction.[1-6] A SOFC made of a doped-ceria electrolyte and
perovskite cathode was compared against a traditional PGM catalyst. Specifically, the SOFC
materials investigated included a nickel oxide-gadolinium doped ceria anode (48.9 vol% NiO 51.1
vol%

Gd0.10Ce0.90O2-x (NiO-GDC)),

a

gadolinium

doped

ceria

electrolyte

(Gd0.10Ce0.90O1.95 (GDC)) and a cathode of lanthanum strontium cobalt ferrite-gadolinium doped
ceria (52.4 vol% (La0.60Sr0.40)0.95Co0.20Fe0.80O3-X 47.6 vol% Gd0.10Ce0.90O1.95 (LSCF-GDC))[7]
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The GDC based materials were selected because of their reported high stability, reactivity, and
low temperature operation.[8-11] The intermediate reaction species of both the SOFC material and
PGM catalyst were monitored through mass spectroscopy (MS). It was identified that the SOFC
material with electric potential oscillation resulted in a modified NO reaction pathway. As electric
potential oscillations were allowed to increase across the cell, N2O was identified as the dominant
intermediary species. This contrasts with conventional theory which predicts the formation of NO2
as the primary intermediate species.
Third, after the prior discovery, the formation of the theory that this electrochemical
manipulation phenomenon may have general applicability to any active electrochemical system.
That is, within any established electrochemical regime, introduction of oscillating electric
potentials could alter the expected chemical reactions, as assumed by traditional theory. This
phenomenon could incite alterations at any fluid/solid interface where electric charge may develop.
In an order to research its general applicability to a complex system, this mechanism was
investigated as a contributing factor in the complex corrosion of THA implants. THA implants
were selected because they utilize a metal which is implanted within a complex fluid and subjected
to electromagnetic radiation. Additionally, THA implants have been reported to suffer from
significant corrosion reactions. The chemical complexity of which is not adequately explained in
literature, as illustrated later in Chapter 2. It was theorized that a tertiary mechanism, the one under
investigation in this work, may be the cause of the unexpected chemical compositions identified
during implant retrieval analysis.[12,13] The corrosion response of CoCrMo ASTM F1357 was
initially studied when an electric potential oscillation was directly supplied to the sample. The
corrosion response was compared against samples shieled from electrical activity. The response
of each sample was evaluated via a combination of scanning electron microscopy (SEM), energy
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dispersive X-ray spectroscopy (EDS), electrochemical impedance spectroscopy (EIS), X-ray
diffraction (XRD), Raman spectroscopy, and laser ablation inductively coupled mass spectroscopy
(LA-ICPMS). The corrosion response to varying electric signals, with and without disrupting the
proteinaceous layer was further investigated. It was confirmed that high frequency electrical
activity, supplied within the passive region of the metal, was sufficient to induce the
electrochemical corrosion of the metal samples. Moreover, the corrosion response appears to be
dependent upon the varying harmonics embedded within the signal.
Fourth, the combination of prior experimental results and theoretical knowledge from the
literature review to examine the potential ability of ambient electromagnetic radiation to excite
this novel electrochemical reaction phenomenon. Metallic samples of biomedical alloys were
subjected to a simulated implanted environment, in the presence of common sources of
electromagnetic radiation, and tested for corrosion response. The material response was
characterized in a parallel fashion to that described above. Varying configurations of samples were
investigated to determine geometric effects on induced electric potential and the resulting
corrosion. It was confirmed that ambient electromagnetic radiation, within a simulated in vitro
environment, is sufficient to induce the formation of chemically complex corrosion products,
which consist of oxides and varying concentrations of Ca, P, and phosphates. The corrosion
products form above the machined metal surface without requiring mechanical disruption to the
passivated layer.
All theoretical and experimental work was then summarized to provide directions of future
work and to discuss the possible implications of this reaction phenomenon.

1.4 Dissertation Organization
The objective of this section is to provide a high-level perspective on the contents of
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this document.
Chapter 1 introduces a shortened general background and motivation for investigating the
effects of imposed temporally and spatially varying electromagnetic fields on dynamic
electrochemical reactions. A general background of electrochemical systems is provided, followed
by a more focused discussion of the research topic development, simultaneously introducing the
application of this work to two distinct areas: 1. NO reduction in automotive combustion exhaust,
and 2. The complex corrosion of implanted biomedical metal alloys. Chapter 1 also provides the
research objectives and scope of work that will be investigated throughout this dissertation.
Chapter 2 delivers a literature review of previous work. The literature review is organized to
provide the reader a fundamental basis of knowledge by which to digest the methods and findings
presented throughout the remainder of this work. Additionally, the literature review identifies and
highlights currently unaddressed areas of research that this dissertation seeks to address. The
literature review begins with a general introduction to basic electrochemical relations and the
conceptual framework of an electrochemical cell. The discussion of electrochemical fundamentals
is then followed by concentrated literature reviews of heterogenous catalysis, surface chemical
bonding, chemisorption energy trends, electrochemical metallic corrosion, the current state of the
art of electrochemistry applied to the reduction of automotive emission, and the current state of
the art of electrochemistry applied to the corrosion of THA biometallic implants.
Chapter 3 presents the initial research thrust of this work, which led to the discovery that high
frequency, low magnitude oscillating electric potentials can exert an electrochemical force,
manipulating the expected reaction pathways. Beginning with a further literature review and a
discussion of system design, this chapter investigates the ability of SOFC materials to operate
within the combustion exhaust of an automotive engine. A comparative study is provided between
a PGM catalyst and SOFC for a range of simulated combustion exhaust environments. The SOFC
9

demonstrates significantly greater performance in the reduction of NOx emissions across all
operating conditions. Varying conditions include temperature, exhaust composition, and exhaust
equivalence ratio. The SOFC is found to maintain NOx reduction performance in exceedingly fuel
lean conditions.
Chapter 4 investigates the fundamental mechanism by which SOFC material is capable of
continuously reacting nitric oxide emissions with greater efficiency when compared to a traditional
PGM catalyst. It is in this chapter where the manipulation of surface electrochemical reactions via
oscillatory electric potentials is identified, and discovery documented. A combination of
experimental results, MS analysis, and Gibbs free energy analysis is provided, detailing the
intermediate formation of N2O during the reaction of nitric oxide and its dependance on electrical
activity.
Chapter 5 presents a seemingly divergent application of the electrochemical reaction
phenomenon detailed in Chapter 4 and introduces the possibility that temporally and spatially
varying electric potentials may contribute to the complex corrosion of implanted biomedical metal
alloys. The chapter begins with a focused literature review, detailing the current in vitro research
efforts in accurately replicating recovered in vivo corrosion products, and simultaneously identifies
gaps in the current literature. The chapter continues by investigating the feasibility of exciting the
formation of surface corrosion products on a CoCrMo alloy via direct electrical stimulation within
a simulated in vitro environment. The effects of signal shape and the proteinaceous layer is studied.
Characterization and analysis of surface corrosion products and electrochemical behavior is
achieved through a combination of optical microscopy, SEM, EDS, XRD, Raman spectroscopy,
EIS, LA-ICPMS, and EIS equivalent circuit modeling. Direct electrical oscillation results in the
formation of deposition growths of varying elemental composition and/or surface pitting,
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depending on the electric signal sourced. It is also demonstrated that a 50 MHz, 200 mVpp sine
wave generates corrosion products comprising of Cr, P, Ca, O, and C, which is consistent with
previous literature on the analysis of failed hip prosthetics.
Chapter 6, following the successful feasibility study of Chapter 5, studies the possibility of
inducing biometallic corrosion via ambient electromagnetic fields. A comparative study is
presented in which biometallic samples shielded from ambient electromagnetic radiation are
compared against biometallic samples of the same alloy that experienced ambient electromagnetic
radiation in a standard laboratory setting. The chapter illustrates that the ambient electromagnetic
field, present within a Syracuse University laboratory, is sufficient to induce corrosion within
simulated synovial fluid. Samples shielded from ambient electromagnetic radiation did not show
the production of complex corrosion products. The chapter includes the corrosion results from
varying geometries of metal-to-metal interfaces. Characterization is performed through a
combination of optical microscopy, SEM, EDS, XRD, EIS, LA-ICPMS, and EIS equivalent circuit
modeling.
Chapter 7 develops a theoretical framework, by which to interpret and understand the surface
electrochemical effects arising from non-ionizing, high frequency electromagnetic radiation. The
chapter begins by revisiting and expanding on the general electrochemical literature review of
Chapter 2. Within the proposed framework, possible electrochemical manipulation mechanisms
are discussed, including d-band shift electronic effects leading to chemisorption energy
modification, localized lattice strain and coordination number reorganization at the bonding
surface, and potential 3D surface effects which produce surface normal electric fields when
subjected to impressed electromagnetic fields.
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Chapter 8 provides a summary of the major discoveries and key experimental findings from
the study and relates such findings to the research scope provided in Chapter 1. Additionally,
recommendations for future investigative studies and classification of the discovered
electrochemical phenomena are provided. The work presented here identifies a currently
unexplored electrochemical reaction mechanism that may have broad applications, and as such
requires significant future characterization.

Chapter 2.

Literature Review

2.1 Introduction
Electrochemical relationships and many of the basic principles of electrochemistry were
described prior to the discovery of the electron in 1893.[14] The core of applied electrochemistry
investigates electron transfer at the interface of an electrode and the surrounding, inciting chemical
reactions. Electrochemistry studies the manipulation and understanding of oxidation and reduction
chemistry. [14,15]
Electrochemistry has served as the basis for many modern technological advancements
such as the fuel cell, battery, semiconductor, and advancements in understanding many natural
chemical reactions within the environment. Although the field of electrochemistry has existed for
over 100 years, modern approaches to electrochemistry struggle to predict dynamic
electrochemical reactions and electrochemical reactions occurring in complex systems.[14]
Electrochemical theory focuses on quasi-steady state chemical reactions, remaining unable to
accurately account for the effects of nonionizing, non-conservative, oscillatory electric fields
arising from ambient electromagnetic radiation.[14-19] Introduction of nonionizing, high
12

frequency electric fields may potentially allow for variability in the possible chemical reactions
that can occur on the surface of an electrically conductive/semi-conductive solid within a complex
electrolytic solution by enabling the manipulation of quantum energy states at the reactive surface.
Advancements in technology, the increased proliferation of ambient electromagnetic fields, and
the need for precise chemical control of complex systems requires the development of a
fundamental understanding of the effects of oscillating electric fields on chemical reactions.
The following literature review will serve as a basis of fundamental electrochemical theory,
analysis methods, and current applications. The information presented in Chapter 2 will be built
upon throughout the remainder of this work and should be utilized in the comprehension of the
experimental results. The concept of an electrochemical cell is first introduced to provide a mental
framework for the interpretation of electrochemical analysis methods. The overarching set of
governing electrochemical relationships is then described for a general system. The remainder of
the chapter then investigates the driving theories behind catalysis and metallic corrosion, before
discussing the current application of electrochemical theory in the conversion of nitric oxide
combustion emissions and the corrosion of implanted biomedical metal alloys.

2.2 Electrochemical Cell Framework
The concept of an electrochemical cell provides the framework by which to understand and
interpret the discussions of reduction and oxidation (redox) chemistry to follow within this body
of work. The electrochemical cell may exist in many physical forms and is not restricted to any
specific geometric arrangement. However, the electrochemical cell must contain an anode,
electrolyte, and cathode. The electrochemical cell is thus presented here as a theoretical framework
to analyze the interplay between electrical current and chemical reactions, forming the basis of
electrochemical analysis. Cells which generate electric current in response to chemical reactions
13

are commonly referred to voltaic or galvanic cells[14,15,20], whereas cells that produce chemical
changes, as a result of applied electrical energy are referred to as electrolytic cells.[20] The voltaic
or galvanic cell is applied to the understanding of SOFCs and corrosion currents, and as such will
be the convention used throughout this work. Although the function of electrochemical cells varies
with application, the fundamental grouping of anodic and cathodic reactions remains constant.
The electrochemical cell is often broken down into two half-cells, an anodic half-cell and
cathodic half-cell. The anodic half-cell consists of the anode electrode and electrolyte. Similarly,
the cathodic half-cell consists of the cathode electrode and electrolyte.[20]
2.2.1 Electrolyte
The electrolyte is responsible for providing a medium to facilitate the ionic current flow
within the electrochemical cell. An electrolyte may exist in any phase so long as it can conduct the
flow of ions between anode and cathode. In this work, the electrolyte is either in the form of a solid
ceramic layer or an aqueous solution.
2.2.2 Anode and the Anodic Half-Cell
The anode of the electrochemical cell is defined as electrically negative, and as the
electrode where oxidation reactions occur. Therefore, anodic reactions and oxidation reactions are
synonymous in the following chapters. Eq 2.3.1, below, illustrates a symbolic oxidation reaction.
𝑀 → 𝑀 𝑧+ + 𝑧𝑒 −

(2.2.1)

Where M represents some reacting species, and z is the number of electrons removed from the
reacting species. [20]
The resulting cations then may undergo a reaction with ions transported through the
electrolyte, be released as a dissolved ion into the electrolyte, and/or undergo some other chemical
reaction. The evolved electrons may travel through an external circuit, or through some other
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electrical transmission path. In the case of a solid oxide fuel cell, an external circuit is utilized to
harvest this flow of electrons as electrical energy. In the case of a single corroding metal in an
aqueous solution, the metal substrate may act as both the anode and cathode, thereby providing
direct electron mobility. The anodic half-cell simply refers to the combination of the anode and
electrolyte, without the presence of a cathode.
2.2.3 Cathode and the Cathodic Half-Cell
The cathode serves as the reduction chemistry site in the electrochemical cell and is defined
as electrically positive. The cathode receives the electrons evolved from the anodic reaction and
initiates the reduction of reacting species, as demonstrated in Eq 2.2.2.
𝑂 + 𝑧𝑒 − → 𝑂 𝑧−

(2.2.2)

Where O represents an oxidizing agent accepting z number of electrons.[20]
Similar to the anodic half-cell, the anions produced at the cathode may be transported
through the electrolyte, such that the ionic current counterbalances the electronic current, undergo
additional chemical reactions, and/or may be removed from the cathode by additional reaction
mechanisms. The cathodic half-cell, analogous to the anodic half-cell, refers to the combined
cathode and electrolyte.
When combined, the anodic and cathodic half-cells represent the complete electrochemical
cell and redox reaction.

2.3 Fundamentals of Electrochemistry
A set of fundamental electrochemical equations have been developed to predict the
behavior of a system, given a set of conditions. The primary function of electrochemistry, as stated
in the introduction, is to predict the behavior of redox processes:
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(2.3.1)
Where O is the oxidant and R is the reductant.[14]
2.3.1 Nernst Equation
The Nernst equation[14,20] is used to solve for the potential of an electrochemical cell.
The equation is only valid at equilibrium at the surface of the electrode, as it assumes that the
system is reversible, with fast kinetics.

(2.3.2)

(2.3.3)

Where E0’ is the formal potential, E0 is the standard potential, C* is the bulk concentration
for the oxidant and reductant species, and a is the activity.
2.3.2 Equilibrium Constant
The change in Gibbs free energy can be related to the equilibrium constant, K, assuming
that the electron activity is unity.[14] This relationship can be used to evaluate the power potential
of a given electrochemical reaction or evaluate the equilibrium constant.
(2.3.4)

2.3.3 Mass-transfer Limited Current
The current produced by an electrochemical cell is expected to be limited by the rate at
which the reactive species can be transferred into the electrode, as shown in Eq. 2.3.5.[15,20]
(2.3.5)
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Where C is the concentration of the electrochemically active species, A is the active electrode area,
n is the number of electrons involved, m is the mass transfer coefficient, and F is the Faraday
constant.
2.3.4 Overpotential
In order for a non-spontaneous cell reaction to occur, the cell must be driven with a
potential beyond that of the equilibrium potential.[20]
(2.3.6)

2.3.5 Cottrell Equation
The Cottrell equation begins to evaluate the possibility of a temporally dynamic type of
response in an electrochemical system. Cottrell predicts the variation in time of current in response
to the application of a potential step under the condition of a large Overpotential. The equation is
derived from Fick’s second law (Section 2.3.11) and assumes that the current must be mass transfer
limited.

(2.3.7)

Where D is the diffusion coefficient.[14]
2.3.6 Faraday’s Law
This law relates the total amount of charge that is passed through an electrochemical cell,
Q, to the total amount of product, N. In this equation F is again the Faraday constant and n is the
number of electrons transferred per mole of product.[16]
(2.3.8)
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2.3.7 Current, Current Density and Rate
Electrochemistry relies on the flow of electrons, or current. A current, I, is the total amount
of charge that is transferred in a set amount of time and is defined below. [14,17]

(2.3.9)

Current and reaction rate are approached as nearly homologous entities in electrochemistry,
and as such, a homogeneous reaction rate can be defined as:
(2.3.10)

However, if the chemical reaction is non-homogeneous, the reaction rate is dependent on
the area of active electrode or the phase boundary where the reaction occurs:
(2.3.11)

Current divided by area is a common factor amongst all electrochemical phenomena, and
is defined as current density, or j.[14]
If all processes leading to the reaction are sufficiently fast, the electron transfer rate
becomes the only limiting time factor. Therefore, a time constant for the reaction may be derived
from the non-faradic behavior of the electrode, τ.
(2.3.12)
Where Rs is the solution resistance and Cd is the capacitance of the double layer.[17] The
non-faradic current variation is then expressed as follows.
(2.3.13)
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The transfer and reaction processes are described pictorially in Fig 2.3.1 below.

Figure 2.3.1. Processes required for an electrode reaction (Adapted from Reference [14])

2.3.8 Butler-Volmer Equation
The Butler-Volmer equation assumes that mass-transfer is no longer a limiting factor on
current generation of the electrochemical cell. The equation predicts the current response to a given
Overpotential in a bulk solution that is well mixed.[14]
(2.3.14)

Where i0 is the exchange current density, 𝛼 is the charge transfer coefficient, 𝑓 is
Faraday’s constant normalized by temperature and the ideal gas constant, and 𝜂 is the
overpotential.

19

2.3.9 Tafel Equation
The Tafel equation attempts to predict the current response to a given overpotential.
(2.3.15)

Where i0 is the exchange current, the current present at zero overpotential and α is the charge
transfer coefficient, between 0 and 1. The equation may be simplified with coefficients a, and b,
found experimentally, as shown below.
(2.3.16)
The Tafel equation, though insightful, is significantly limited by reverse reactions and
diffusion. If the overpotential is small and the reverse reaction becomes 1 % of the forward
equation the predictions are inaccurate. Additionally, at large overpotentials, experimental data
shifts significantly below the Tafel prediction due to mass-transfer losses.[14,17,18]
2.3.10 Nernst-Planck Equation
The Nernst-Planck equation [14,20] relates the unidirectional flux of a species to diffusion,
migration, and convection, respectively for terms 1,2, and 3 below.
(2.3.17)

Dj, zj, and Cj are the diffusion coefficient, the charge, and the concentration for the species,
respectively. The first term of the Nernst-Planck equation is an adaptation from the first of Fick’s
diffusion laws where the time dependence of the concentration is neglected, as illustrated in the
following section.
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2.3.11 Fick’s Laws of Diffusion
The first and second of Fick’s Laws [14-16]describe the flux of a species as a function of
the spatial concentration away from the electrode at a specified time, and the change in
concentration in time to the change in flux with position, respectively.
(2.3.18)

(2.3.19)

Fick’s Laws are often simplified for the experimental application. If a system is convection
dominated, as the case with mixing, the flux may be reduced to:
(2.3.20)
Where m is the mass-transfer coefficient. Which can also be represented as
(2.3.21)

Because of the relation
(2.3.22)

Which is obtained through Eq 2.3.11 above. Eqs 2.3.20-22 can then be combined resulting in the
following expression for mass-transfer limiting current.
(2.3.23)

2.2.12 Cell Resistance, Capacitance, and Uncompensated Resistance
Faradaic currents, or those currents generated by redox reactions at the electrodes, within
an electrochemical cell may be described by the following: [14,17,18]
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(2.3.24)

Whereas non-faradaic current, in which charged particles do not cross the interface
between electrode and electrolyte, is derived from Ohm’s law and is illustrated below.
(2.3.25)

Where R is resistance, V is voltage, and Z is impedance.
Non-faradaic current has traditionally been thought to be carried by the charging and
discharging of the electric double layer, described in the Helmholtz plane theory.[21]
2.2.13 Helmholtz Plane Theory
The predominant theory in investigation of electrode/solution chemical reactions within
electrochemistry is described by the electric double layer attributed to Helmholtz. A double layer
is formed at the boundary between the electrode and solution when a potential is applied to the
electrode. The inner layer is known as the inner Helmholtz plane (IHP) and its thickness is
determined by the locus of electrical centers of desolvated ions. The second layer, the outer
Helmholtz plane (OHP) consists of solvated ions. These layers do not chemically interact with the
electrode and are only impacted by long-range electrostatics. This region is often considered the
diffuse layer that extends into the bulk of the solution. The following image depicts the IHP and
OHP.[14,18,19,21]
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Figure 2.3.2. The electrical double layer illustrating the IHP and OHP. (Adapted from
Reference [14])

2.4 Heterogenous Catalysis
The central hypothesis of the work presented here is that the presence of oscillating electric
fields on metal-based electrodes may manipulate the electrochemical reaction response of the
surface and surrounding fluid. Such manipulation is not adequately addressed in the current
literature as it applies to a practical engineering system. As such, it is imperative to include a
discussion of the fundamental chemical reaction mechanisms which dictate the interaction between
a solid surface and surrounding fluid medium. A fluid is taken here to represent a reacting medium
in the liquid or gas phase. The discussion will be tailored to fundamental principles and may be
applied to both aqueous solutions and gaseous flows. The heterogeneity of catalysis arises from
the interaction of a solid reacting surface (considered here to act as the catalyst) and reactants in a
differing material phase.
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A distinction or qualification on the term “catalyst” is required here. It is assumed that
when discussed regarding the corrosion of THA implants in subsequent chapters, the solid implant
is both a reactant and heterogenous catalyst. Without the presence of the implant, the generation
of chemically complex corrosion particulates would not occur. Therefore, the implant provides a
catalytic surface, on which electrochemical reactions are accelerated, while simultaneously
supplying the reacting elements. Moreover, regarding both the reduction of automotive emission
and the corrosion of THA implants, it is assumed that no surface is an ideal catalyst. That is, all
catalytic surfaces discussed here are assumed to degrade overtime, as they interact with their
respective environments.
Although the applications presented in this work may not be representative of ideal
heterogeneous catalysts, the fundamental bonding theories discussed in heterogeneous catalysis
form the basis for theoretical analysis of the experimental results shown. All solid-state materials
utilized in this work are transition metal complexes, in which the d electronic orbitals dictate
bonding behavior.[19] The same transition metal elements and the concepts of d orbital controlled
bonding have been investigated by members of the heterogeneous catalysis community dating
back to Taylor in 1925.[22] Therefore, it is a natural extension to consider heterogeneous catalytic
theory as it relates to the electrochemical interactions investigated here.
When a solid catalyst, or a potentially catalytic surface, encounters a gaseous or aqueous
environment, chemical bonding interaction between the environment and solid surface occur.
Atoms or molecules from the environment may adsorb onto the solid surface due to bonds formed.
The strength of the interaction and resulting chemical bond will determine the properties and
subsequent reactivity of the adsorbate system. Additionally, the strength of the chemical bond
formed will dictate the degree to which the surface electronic states are modified, and the degree
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to which new electronic states are formed between the adsorbate and the surface. If an atom or
molecule is only weakly bonded to the solid substrate, the resulting interaction is classified as
physisorption.[19] The bond between the adsorbate and adsorbent, in this situation, is typically on
the order of 0.3 eV. The electronic states of the system do not realize any considerable
reconfiguration, as the wave function overlap is limited between the adsorbate and adsorbent.
However, if the bonding interaction between the adsorbate molecule and the adsorbent substrate
is significant, as in chemisorption, the valence electronic states of the system undergo significant
restructuring. Moreover, the creation of entirely new electronic states within the adsorbed
molecule and solid surface is possible, given sufficient bonding energy.[19,22]
The capacity to which a surface can make, break, and/or rearrange bonds with chemically
reactive species in its operating environment is the fundamental concept of heterogeneous
catalysis. A solid surface, acting as a heterogeneous catalyst, may act primarily as a more passive
reaction bed, facilitating chemical reactions, as in the case of a Pt based catalyst within combustion
exhaust.[23-26] In this situation, the Pt catalyst reduces the activation energy of the required
chemical reactions but does not actively participate as a reactant, nor as an ionic transportation
media. Conversely, as in the case of a perovskite material, the catalyst may serve as an active ionic
transporting media to facilitate chemical reactions. Perovskite materials utilized for their catalytic
properties are capable of actively transporting oxygen anions through a crystal lattice.[8-11,20]
No matter the exact mechanism, all heterogenous catalysts must be capable of adsorbing the
reactant, cleaving bonds, and holding the reactants in proximity to allow for chemical reactions to
occur. The primary topic of study in heterogenous catalysis is to develop a working understanding
of how molecules will adsorb onto the surface. Without this initiating step, the subsequent
chemical reactions will not occur.
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The most common materials analyzed in the study of heterogenous catalysts, and all
materials discussed in the following chapters, primarily consist of transition metal group elements.
The unique chemical interaction properties of transition metal group elements arise from the
localized d-band electron orbitals in bonding when compared to the delocalized s- and p-electrons.
The localization of d-orbitals, when in the presence of an adsorbate, typically generates new,
distinct bonding and antibonding electronic levels, below and above the free adatom level.[19]
Therefore, changes in bond energy with respect to the d-band electronic states drive the
analysis of catalytic behavior for transition metal surfaces.
2.4.1 The d-band model
To begin a discussion on the calculation of bond energy interactions within an adsorbate
system, the total energy of system must be investigated over an n particle system. Eq 2.4.1
represents the total energy as it is typically expressed in density functional theory (DFT).
1
𝑛(𝑟)𝑛(𝑟 ′ )
𝐸𝑡𝑜𝑡 [𝑛] = 𝑇𝐻𝐾 [𝑛] + 𝐹[𝑛] = 𝑇𝐻𝐾 [𝑛] + ∫ ∫
+ ∫ 𝑣(𝑟)𝑛(𝑟) + 𝐸𝑛𝑛 + 𝐸𝑥𝑐 [𝑛] (2.4.1)
|𝑟 − 𝑟 ′ |
2
Where the kinetic energy is expressed as
1
𝑇𝐻𝐾 = ∑ < Ψ𝑖 |− ∇2 | 𝜓𝑖 >= ∑ 𝜀𝑖 − ∫ 𝑣𝑒𝑓𝑓 (𝑟)𝑛(𝑟)
2
𝑖

(2.4.2)

𝑖

Eq 2.4.2 assumes the kinetic energy of a non-interacting electron gas moving in an effective
potential, veff. The effective potential is chosen so that the electron density of this fictious noninteracting system is the same as the real system. This simplification is required to prevent
intractability of the equations.[19] F[n] is the sum of average electrostatic energy, the interactions
of electrons with an external, position dependent, potential, nucleus-nucleus interaction, and
exchange-correlation energy.
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Clearly, if one accepts this representation of total energy as presented in DFT, the total
energy cannot be simply obtained through the summation of non-interacting one electron systems,
or Kohn-Sham one electron energies.[19,27] The issue is found within the leading term of F[n].
The |r-r’| term within the expression represents the interaction between electrons which control the
bonding behavior. Therefore, this term cannot be accurately captured by superposition of single
electron systems, in which no interaction between electrons exists.[19] However, if instead of
attempting to calculate the total energy for each bonding system, one calculates the changes in
bond energy between systems, the non-interacting Kohn-Sham one electron energies will provide
accurate changes in bond energies without requiring solving for the interaction term.[19,27]
In order to illustrate the concept of a change in bond energy when in the presence of an
adsorbate, consider an adsorbate, a, and a metal surface, m. A change in the adsorption energy
when the metal is modified from m to m’, as in the case when changing to a different transition
metal, is given by:
𝛿𝐸𝑎𝑑𝑠 = Δ𝐸𝑡𝑜𝑡 [𝑚′ ] − Δ𝐸𝑡𝑜𝑡 [𝑚] = 𝐸𝑡𝑜𝑡 [𝑚′ + 𝑎] − 𝐸𝑡𝑜𝑡 [𝑚′ ] − (𝐸𝑡𝑜𝑡 [𝑚 + 𝑎] − 𝐸𝑡𝑜𝑡 [𝑚]) (2.4.3)
As illustrated by the Nørskov research group [19,28-31] the change in adsorption energy
may be computed as:
𝛿𝐸𝑎𝑑𝑠 = 𝛿𝐸1𝑒𝑙𝑒𝑐 + 𝛿𝐸𝑒𝑠,𝐴−𝑀

(2.4.4)

This calculation assumes that two distinct regions of influence exist. A region ‘A’, in which
the adsorbate dominates, and the contribution of the metal is weak, and a region ‘M’, in which the
metal dominates. Under this assumption, the density and potential in region A is independent of
the metal, and in region M, the density and potential are independent of the adsorbate. Proceeding
with this assumption will generate only second order errors within the approximation.[19] The
change in the adsorption energy of the system can therefore be accurately calculated using only
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the difference in the sum of one electron energies and the difference in the electrostatic interaction
between the adsorbate and the surface.
The change in total bond energy is assumed to be the sum of the free-electron contribution,
that arising from the sp-like electrons, E0, and the transition metal d-band electrons, Ed.
Δ𝐸 = Δ𝐸𝑜 + Δ𝐸𝑑

(2.4.5)

The contribution of the free-like electrons is assumed to be constant for all transition
metals. This assumption may not be valid if sp levels do not represent a continuous spectrum, nor
for metals in which d-orbital electrons do not contribute to bonding.
In accordance with Eq 2.4.4 the contribution of d-orbital electrons in bonding is expressed
as,
Δ𝐸𝑑 ≅ ∫ 𝜀(Δ𝑛′ (𝜀) − Δ𝑛(𝜀))𝑑𝜀

(2.4.6)

Where Δn’(ε) and Δn(ε) are the adsorbate induced densities of states with and without d electron
coupling, respectively.
2.4.2 The Newns-Anderson model
The Newns-Anderson model is then utilized as the standard simple model to predict and
calculate the magnitude of coupling within the d-orbital electrons and their contribution to
bonding.[19,28,32]
As an adsorbate with a single valence state, |a>, and energy, εa, approaches a metal with
one-electron states, |k>. The sets of states are coupled by matrix elements:
𝑉𝑎𝑘 =< 𝑎|𝑯|𝑘 >

(2.4.7)

Where H is the Hamiltonian of the combined system. If the solutions |i> of the Hamiltonian are
expanded in terms of the free absorbate and surface solution, neglecting the overlap <a|k>, the
Schrödinger equation becomes:
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(2.4.8)

𝑯𝒄𝑖 = 𝜀𝑖 𝒄𝑖
Such that
|i ≥ cai |a > + ∑ 𝑐𝑘𝑖 |𝑘 >

(2.4.9)

𝑘

Where Haa=εa, Hkk=εk, and Hak=Vak. Therefore, the projection of density of states on the
adsorbate state can be expressed as:
1
< 𝑎|𝑖 >< 𝑖|𝑎 >
1
𝑛𝑎 (𝜀) = ∑|< 𝑖|𝑎 > |2 𝛿(𝜀 − 𝜀𝑖 ) = − 𝐼𝑚 ∑
= − 𝐼𝑚 𝐺𝑎𝑎 (𝜀)
𝜋
𝜀 − 𝜀𝑖 + 𝑖𝛿
𝜋
𝑖

(2.4.10)

𝑖

When δ=0+. Gaa(ε) is the projection on the adsorbate of a single particle Green function, as
expressed as:
𝐺(𝜀) = ∑
𝑖

|𝑖 >< 𝑖|
𝜀 − 𝜀𝑖 + 𝑖𝛿

(2.4.11)

And formally defined by:
(𝜀 − 𝑯 + 𝑖𝛿)𝑮(𝜀) = 1

(2.4.12)

In order to obtain na(ε), the imaginary component of the |a> projection of G(ε) is all that is
required. Solving the above equations for the single particle Green function results in:
𝐺𝑎𝑎 (𝜀) =

1
𝜀 − 𝜀𝑎 − 𝑞(𝜀)

(2.4.13)

Where q(ε) is the self-energy, or the energy of the particle that results because of changes that it
itself causes in its environment.[19,29,30] The self-energy is represented by the following.
𝑞(𝜀) = Λ(𝜀) − 𝑖Δ(𝜀)

(2.4.14)

Where the real and imaginary components are given by:
Δ(𝜀) = 𝜋 ∑|𝑉𝑎𝑘 |2 𝛿(𝜀 − 𝜀𝑘 )
𝑘
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(2.4.15)

∫ Δ(𝜀 ′ )
Λ(𝜀) = 𝑷
𝑑𝜀′
𝜀 − 𝜀′

(2.4.16)

In the above equations, Δ(ε) represents the chemisorption function and Λ(ε) is regarded as
the shift function within the Newns-Anderson model. In Eq 2.4.16, P represents the Cauchy
principal value for the integral.
Assuming that both the chemisorption and shift functions are known, the projected density
of states, based on Eq 2.4.10 and 2.4.13, would become,
𝑛𝑎 (𝜀) =

1
Δ(𝜀)
𝜋 (𝜀 − 𝜀 − Λ(𝜀))2 + Δ(𝜀)2
𝑎

(2.4.17)

This result, in conjunction with Eq 2.4.6, can be used to illustrate that the change in oneelectron energies is calculated by Eq 2.4.18.
1 𝜀𝐹
Δ(𝜀)
Δ𝐸 = 2( ∫ 𝐴𝑟𝑐𝑡𝑎𝑛 [
] 𝑑𝜀 − 𝜀𝑎 )
𝜋 −∞
𝜀 − 𝜀𝑎 − Λ(𝜀)

(2.4.18)

In order to more concisely understand and utilize the Newns-Anderson model, Hammer
and Nørskov [28,29] introduce a group orbital, given as:
|𝑑 >=

1
∑ 𝑉𝑎𝑘 |𝑘 > , 𝑉 = √∑|𝑉𝑎𝑘 |2
𝑉
𝑘

(2.4.19)

𝑘

Additionally, a new matrix element Vad is utilized to simplify the chemisorption function.
𝑉𝑎𝑑 =< 𝑎|𝐻|𝑑 >

(2.4.20)

Incorporating Vad results in the following chemisorption function and density of states
equation:
2
Δ(𝜀) = 𝜋𝑉𝑎𝑑
𝑛𝑑 (𝜀)

𝑛𝑑 (𝜀) = ∑|< 𝑘|𝑑 > |2 𝛿(𝜀 − 𝜀𝑘 )
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(2.4.21)
(2.4.22)

The group orbital introduced couples the metal states and adsorbate states directly.
Therefore, the projection of the substrate density of states, Eq 2.4.22, onto this state defines the
chemisorption function.
Following the analysis of Bligaard and Nørskov [19] the group-orbital projected substrate
density of states can be characterized by its moments,
+∞

+∞

𝜀 𝑛 𝑛𝑑 (𝜀)𝑑𝜀 / ∫

𝑀𝑛 = ∫
−∞

𝑛𝑑 (𝜀)𝑑𝜀

(2.4.23)

−∞

The first moment, M1=εd, describes the center of the d band, and the second moment
M2=W, describes the width of the projected band. It is assumed that the calculated moments of
nd(ε) are the same as those that describe Δ(ε).
Typically for transition metal group elements, the d-band is only partially filled, altering
the calculated bond energy.[19,30,31] In this case, it is assumed that the adsorbate states, |a>, are
filled and the d band states of the substrate, |d>, are fractionally filled, given by fractional filling
coefficient f. The bond energy will then be given by:[19]
𝛿𝐸 = −2(1 − 𝑓)𝜔

(2.4.24)

In Eq 2.4.24, ω is the absolute value of the downward shift in energy of the bonding state
and the equal upward shift in energy of the antibonding state, as a result of the chemisorption
interaction. It is represented as,
𝜀𝑑 − 𝜀𝑎 2 𝜀𝑑 − 𝜀𝑎
) −
2
2

2
𝜔 = √𝑉𝑎𝑑
+(

(2.4.25)

And can be approximated as
2
𝑉𝑎𝑑
𝜔≅
𝜀𝑑 − 𝜀𝑎
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(2.4.26)

when the coupling between the adsorbate and d band states is weak, i.e. if |Vad|<<εd-εa. However,
while analyzing the bonding behavior at the surface of the substrate or metal, the fractional filling
of the d-band is not the only contribution to bonding character. In this case, the fermi level, εf, and
its relative position to the antibonding orbitals plays a strong role in determining the chemisorption
behavior.[19,28] The Fermi level is, in this context, the highest occupied quantum state of the
substrate system of fermions at absolute zero.[33]The d-band energy shift relative to the Fermi
level is considered the primary predictor of bond strength. If εd illustrates an upward shift in energy
relative to the Fermi level, then the number of antibonding orbitals above the Fermi level increases,
thereby increasing the bonding strength between the substrate and adsorbate.
2.4.3 Chemisorption Energy Trends
The d-band center shift is an essential predictor in the chemisorption interaction and
bonding characteristics between an adsorbate and surface substrate. The moments, the shape and
width, of the projected d states may also contribute to the interaction energy but are often assumed
to be coupled to the d-band center, and therefore considered as dependencies to the initial d-band
shift.[19] As such, a discussion of d-band center is sufficient to describe general trends in
chemisorption analysis.
If the adsorbate energy level is greater than that of the d-band, which is often the case [33],
and therefore above the Fermi level of the adsorbent, a d-band shift upward is predicted to increase
bonding energy. Within the study of heterogeneous catalysis, the manipulation of chemisorption
by d-band shifting is regarded as an “electronic effect in surface reactivity.” [19,29] Variation in
d-band center and thus surface reactivity can be manipulated by a variety of factors. Principle
among them are variations due to surroundings or ligands of relevant metal atoms, surface
structure, coordination number at the adsorption site, alloying, and/or ensemble effects of the
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presence of additional adsorbates. [19,28] A common manipulation of d-band center arises from
manipulations of surface structure and coordination number. For example, when investigating the
chemisorption energy associated with a Pt catalyst and a CO adsorbate, bonding strength increases
as the coordination number decreases. In a standard close packed surface of Pt, the coordination is
9, for more open flat surfaces the coordination number is 8, at a step the coordination is 7, and at
a kink the coordination number can decrease to 6.[19] Experimental investigation shows that CO
is more closely held by the step or kink than by the flat surface. [30-33]
In addition to changes in d-band center and associated moments, the physical geometry
and surface topography of the catalyzing surface may affect chemisorption. In heterogenous
catalysis, these manipulations are broadly categorized as “geometrical effects in surface
reactivity.” As the number of topographical features increase, beyond a flat surface, adsorbates are
increasingly likely to interact with additional atoms within the substrate, increasing bond
strength.[19] To illustrate this point, it is easiest to imagine the adsorbate atom as a solid ball.
When resting on a flat surface, the ball has only one point of contact with its surroundings. If the
ball were to roll to a step in the surface, the ball would then have the original contact point on the
ground and an additional point of contact on the rise of the step. The increasing interaction, points
of contact, contribute to increasing overlap of wave functions and therefore bonding strength. The
geometric configuration of surface therefore dictates the potential points of contact and thus points
of adsorption interaction the surface will have with the adsorbate.
The fundamentals of heterogeneous catalysis discussed above serve as the basis for the
development of the expanded theoretical framework discussed in Chapter 7. The theories described
here will be leveraged in conjunction with experimental results to investigate a theoretical basis
for the altered electrochemical interactions when in the presence of high frequency electric
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potential oscillations. Additionally, this section should be treated as the foundation by which to
interpret and discuss the experimental results and concepts presented throughout this work.

2.5 Electrochemical Metallic Corrosion
A primary application of the fundamentals of electrochemistry and surface reactivity, as
described previously, is in the study of metallic corrosion. Corrosion is the degradation of a
material through contact with its working environment. [18,34,35]
Specifically, here, the corrosion of passivating biocompatible metals used in the prosthetics
industry is investigated. As such, this literature review is centered on the corrosion mechanisms
most consistently studied in failed prosthetics. [36-42] The prosthetics industry relies heavily on
the use of CoCrMo, ASTM F1537, and TiAl6V4, ASTM F136. Both the CoCrMo and Ti alloys
are examples of self-passivating biocompatible metals. Passivation, as observed by Faraday, is
defined as a decreasing anodic current when subjected to an overpotential due to the formation of
an insulating surface layer. [43-46] The anodic electrochemical reaction is typically uniform metal
oxidation. [34] The corrosion current and potential are defined by the Tafel equation, Eq 2.3.15
above. CoCrMo and TiAl6V4 undergo a self-passivation event when in the presence of air and
increased passivation activity within the implanted environment. [47-49] Self-passivation simply
refers to a spontaneous oxide layer formation within the environment, without requiring an
external overpotential source be applied.[18,34]
The formation of a passivation layer decreases electrochemical activity and interaction
between the metal and the surrounding environment.[18] However, various fixturing
arrangements, material defects, mechanical wear, and other environmental factors may lead to the
formation of corrosion products and the degradation of the passivation layer. At which point, the
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bulk metal becomes susceptible to significant electrochemically driven corrosion mechanisms.
[34,35]
The primary concern regarding the corrosion of metals is the electrochemically driven
dissolution of the base metal and the formation of surface corrosion debris.[34] Electrochemically
driven corrosion can result in the general loss of metal, the formation of pits, and/or the weakening
of the metal leading to the possibility of corrosion induced stress cracking. [18,35] Current
corrosion theories have identified a difference in potential energies of the metal atom and the
product formed during corrosion as the primary mechanism for corrosion reactions to occur.
[18,34,35] Electrochemical dissolution is an anodic reaction phenomenon. However, for corrosion
to continue, the anodic dissolution of metal ions must be electrically balanced by cathodic
reactions, preventing electrical charge accumulation. In the corrosion of a single metallic sample
within an aqueous solution, the metal must act as both anode and cathode. The aqueous solution
acts as the electrolyte and allows for ionic conduction. [16-19] A schematic of the general
electrochemical dissolution process is illustrated below.
Figure 2.5.1. Schematic of electrochemical metal dissolution
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As shown in Fig 2.5.1, the electrons released during the formation of the metal cation are
transferred within the bulk material to a cathodic reaction site. At the cathodic reaction site, the
electrons may undergo a reaction with elements present within the electrolyte solution, releasing
anions, dissolvable reaction products, or forming surface corrosion deposits. The rate at which
electrochemical corrosion proceeds is dominated by:[34]
1. The conductivity of the working environment.
2. The concentration and presence of oxidizing agents.
3. The ability for and rate at which oxidizing agents are supplied to the metallic surface.
4. The formation of surface deposits which hinder surface/fluid interaction.
5. The temperature and pH of the solution environment. Typically, increased chemicalkinetic effects as the temperature increases will increase corrosion rate. Moreover,
increasing pH will often allow for increased cathodic activity.
The following sections will highlight the four most relevant corrosion mechanisms to
biomedical implant corrosion, namely: galvanic corrosion, fretting corrosion, pitting corrosion,
and crevice corrosion.
2.5.1 Galvanic Corrosion
Discovered in the late eighteenth century by Luigi Galvani [18,34] the response of two
dissimilar metals when brought into electrical contact within the same electrolyte may be one of
the most fundamental guiding principles of electrochemistry. Galvanic corrosion is the enhanced
corrosion of a metal when in contact with a more noble metal, or a conductive non-metal.[34]
When dissimilar metals are brought into electrical contact within the same electrolyte, an
inherent potential difference exists between the two metals. The more noble of the metals increases
the potential of the other metal, accelerating the corrosion of the less noble, more reactive, metal.
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The anodic activity of the more reactive metal increases, increasing corrosion, while
simultaneously shielding the corrosion of the less reactive, more noble, metal cathode. This
manipulation of corrosion rates is frequently utilized in cathodic shielding of underwater structures
by adding a sacrificial anode. The severity of the corrosion response may be estimated by their
relative location on the tabulated Galvanic Series and is subject to similar temperature and pH
dependance as mentioned previously.[34]
Galvanic corrosion, specifically its mitigation, is critically important in the prosthetic
implant industry. With increasing commonality, [50] THA implants are utilizing mechanical
fixtures with dissimilar metals. At the modular femoral neck junction, a CoCrMo and TiAl6V4
mixed metal junction may suffer from galvanic corrosion. The dissimilar metal alloys are forced
together in a Morse taper, providing mechanical fixture, as well as electrical contact. When
implanted, the natural synovial fluid environment provides a highly conductive electrolyte
solution. Therefore, the alloying of each metal component must be tightly monitored to ensure
similar galvanic corrosion potentials.
2.5.2 Fretting Corrosion
Fretting corrosion, when compared to the other types of corrosion discussed in this chapter,
is primarily a mechanically driven phenomenon. Although fretting is associated with significant
corrosion events, it requires mechanical damage to the oxide layer to initiate.[35] For fretting to
occur, two surfaces must be in contact and subjected to cyclic loading with relative motion at the
contact boundary. A relative displacement of only 3x10-9 m, at the contact boundary, has been
reported to initiate fretting corrosion.[35] Repeated, or cyclic, loading of the contact area
encourages fretting type corrosion.
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When the metal-metal interface is established and initially loaded, the contact between the
two metals increases as their protective surface layers are disrupted. [47,51,52] Cyclic loading
creates a significant plastic deformation zone surrounding the interface. The plastic deformation
is accompanied by surface hardening and structural modification of the metal alloys adjacent to
the interface.[35] Deformation progresses as the junction is subjected to continued cyclic loading.
[51,52] Eventually, the metals can no longer deform to accommodate the imposed micro-motion
and loading, at which stage, debris begins to form within the interface. Debris generation within
the interface may locally increase the pressure field, leading to the initiation of crack formation.
The debris may then undergo chemical reactions, such as oxidation, within the interface, as the
debris interacts with the surrounding environment. Specifically targeting the corrosion of THA
implants, the metallic debris will undergo an oxidation reaction when in the presence of synovial
fluid. [47,51,52] The initial particulate debris may be further mechanically damaged, leading to
smaller particulate matter within the interface. The erosion of tribological systems then becomes
governed by the multi-body relationship existing between the main two bodies, originally in
contact, and the debris field, now present within the contact zone. A competition develops within
the debris field, between trapping the debris within the contact zone and ejecting the debris away
from the interface.[35] Fretting corrosion is often accompanied by the generation of a significant
debris field surrounding the contact zone, capable of undergoing electrochemical reactions with
the surrounding medium.
Fretting corrosion is often studied in the analysis of THA implant performance. [36-42]
The modular morse taper utilizes a metal-metal contact interface under continual cyclic loading.
Each time a patient takes a step, the femoral morse taper is subject to a load cycle. Moreover, the
morse taper relies only on a mechanical interference fit for fixture. As such, micro-motion may
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easily persist, driving fretting corrosion.[51] Fretting assisted corrosion results in increased rates
of degradation and increased secondary wear particles found within the peri-prosthetic tissue. [3941] Further analysis of fretting corrosion may be found within the source material of this work but
will not be discussed at length here. [35-42,47-52] The work contained here investigates the
potential for electrochemically driven corrosion when subjected to spatially and temporally
oscillating electric fields, without requiring mechanical erosion to the oxide layer. Fretting
corrosion is believed to accelerate electrochemical corrosion and act simultaneously with all other
forms of corrosion, but the interaction between fretting corrosion and corrosion driven by
oscillatory electric fields is beyond the scope of this work. It will be a topic of further research
discussed in the concluded chapter, Chapter 8.
2.5.3 Pitting Corrosion
Pitting is a highly localized form of corrosive attack on the surface of a material. This
section will focus on pitting within an aqueous solution. Pitting will typically initiate within a
concentrated area of increased potential. This could be any heterogeneity on the metallic surface
such as at an inclusion, within a grain boundary zone, a discontinuity in the oxide layer, an
outcropping, beneath a surface deposit, etc. [34] Anodic metal dissolution will increase at this area
of increased potential, initiating the formation of a pit. The anodic reactions within the pit are
balanced by cathodic reactions occurring at the interface between the solution and metal surface
away from the pit. The following equations represent the cathodic reaction, and anodic metal
dissolution respectively.
𝐶𝑎𝑡ℎ𝑜𝑑𝑖𝑐:

𝑂2 + 2𝐻2 𝑂 + 4𝑒 − → 4𝑂𝐻 −

(2.5.1)

𝑀 → 𝑧𝑒 − + 𝑀 𝑧+

(2.5.2)

𝐴𝑛𝑜𝑑𝑖𝑐:
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After formation, the pit will begin to propagate. Due to the unique geometry of the pit and
the fact that solution stagnation occurs within the pit, oxygen diffusion to the pit decreases. The
remaining oxygen within the pit is consumed and eventually depleted. The concentration
difference of oxygen within the pit and within the bulk solution generates a significant potential
difference. The potential can be predicted through the Nernst Equation (Eq 2.3.2 and 2.3.3), as
follows:

𝐸 = 𝐸0 +

𝑅𝑇
4𝐹

ln [

𝑃𝑂2 (𝐻2 𝑂)2
(𝑂𝐻 − )4

]

(2.5.3)

From Eq 2.5.3, it is clear that within the pit, where the partial pressure of oxygen is lower,
the potential will be significantly lower than the potential of the surrounding solution. The pit will
continue to increase in anodic activity. The uneven distribution of material involved in anodic
versus cathodic reactions strongly drives anodic metal dissolution. The anodic zone is limited to
within the pit, whereas the cathodic zone is the entirety of bulk material interacting with the
solution outside of the pit. Simultaneously, the pit acidifies as the metal cations under hydrolysis
reactions. The pH will decrease within the pit to highly acidic levels, irrespective of the bulk
solution due to the unique geometric and diffusion constraints of the pit.[34] The following
provides a pictorial representation of pitting propagation after pit initiation.
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Figure 2.5.2. Schematic of pitting corrosion

The acidic conditions within the pit can directly dissolve and prevent any re-passivation of
the pit walls, enhancing the rate of corrosion. If the corrosion products generated remain soluble,
propagation may continue until the pit perforates the metal substrate. If the corrosion products are
insoluble, an accumulation of such products at the opening of the pit may slow or temporarily stop
propagation. Any accumulated deposits, slowing propagation, may be removed by mechanical
assistance or a change in the solution concentration, allowing pit propagation to resume.[34]
2.5.4 Crevice Corrosion
The mechanism of crevice corrosion is analogous to that of pitting corrosion. However,
crevice corrosion does require a zone of locally increased potential to initiate a pit. Instead, crevice
corrosion typically relies on the presence of a manufactured, suitable crevice. [18,34] A crevice is
formed by the geometry of the manufactured device, such as: an interference fit, an overlapping
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metal joint, a riveted joint, a gasketed joint, etc. Crevice corrosion can occur if there is a wettable
crack/crevice within or between metal components. A tighter crevice or crack will typically result
in higher initial corrosion rates, to the point at which solution is no longer able to penetrate the
crevice. Therefore, if a junction is watertight, crevice corrosion is not of primary corrosion
concern. Additionally, the crevice or crack must be of sufficient geometry to maintain stagnancy
of solution. [34]
Figure 2.5.3. Schematic of crevice corrosion illustrating a differential oxygen concentration
cell (Cathodic Mode 1) and a differential metal cation cell (Cathodic Mode 2)

As illustrated in Fig 2.5.3 Mode 1, a differential oxygen concentration electrochemical cell
may be established. As a corollary to pitting, the crevice acts as a highly active anodic zone. The
crevice sees a significant decrease in oxygen concentration, followed by hydrolysis of metal
cations and increasing acidity. The mechanism of crevice corrosion propagation follows that of
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pitting. The high anodic activity and increasing acidity increases metal dissolution and prevents
the re-passivation of metal within the crevice.
However, in addition to the differential oxygen concentration corrosion mechanism,
crevice corrosion has been reported to propagate via a differential metal ion concentration
mechanism. [34] In the case of a differential metal ion concentration cell, metal cations are initially
formed within the crevice, Fig 2.5.3 Mode 2. These metal cations then diffuse outwardly,
maintaining electrical neutrality, where they are further oxidized to a higher oxidation state. The
highly oxidized cations then act as the cathodic agent and are reduced at a cathodic site away from
the crevice. A classic example of the differential metal ion concentration cell is in the crevice
corrosion of Cu. [18,34] Acidification of the crevice does not occur under this mechanism of
crevice corrosion.
Crevice corrosion is of utmost importance in the analysis of THA implant corrosion. The
modular Morse taper junction relies solely on a mechanical interference fit for fixture. At the
femoral neck junction, the conical taper of the femoral neck is pressed into a receiving taper within
the femoral head. No cement or adhesive is added to the assembled joint for fixture or as a sealant.
When implanted, the mechanical joint is submerged within a highly conductive aqueous
environment. The tapered junction therefore provides the geometry necessary to initiate and
propagate crevice corrosion. Moreover, the Morse taper is simultaneously subjected to micromotion under cyclic loading. Therefore, the metal-metal interface is subjected to concurrent
crevice and fretting corrosion. [36-42] As such, corrosion studies designed to investigate the THA
implant will discuss mechanically assisted crevice corrosion in lieu of isolated crevice corrosion.
[47,48,52-53] Mechanically assisted crevice corrosion is the terminology adopted to
synchronously address the inherent coupling of mechanical damage and crevice corrosion present

43

on recovered THA implants. The current application of crevice corrosion to THA implant
corrosion will be discussed in the following section, Chapter 2.6.2. Crevice corrosion will also be
discussed in conjunction with the electrochemical corrosion incited by oscillatory electric fields in
Chapters 5-6.

2.6 Current State of the Art in Applications of Electrochemistry
2.6.1 Application to Automotive Emission Mitigation
Currently, the automotive industry is faced with producing efficient vehicles with the
lowest environmental impact possible. The utilization of hybrid and electric systems is growing,
yet such systems have not fully infiltrated the market. Many auto manufacturers still produce
gasoline, diesel, or fossil fuel powered vehicles.
These internal combustion engines rely, primarily, on the use of a catalytic converters to
reduce harmful emissions. Either in the form of a honeycomb structure or coated beads, the
catalytic converter uses palladium, platinum, rhodium, and other platinum group metal elements
to reduce emissions. [23,54-58] Catalytic converters react exhaust gases, reducing the
concentration of hydrocarbons, carbon monoxide, and NOx within the exhaust flow, prior to being
released to the atmosphere. The fundamental mechanism of chemisorption and catalytic action of
the PGM elements is as explained in Section 2.4, above. However, in the treatment of automotive
exhaust these devices rely on the use of simultaneous, three-way catalytic reactions to achieve
optimal performance. The catalytic converter must concurrently react hydrocarbons, carbon
monoxide, and nitrogen oxides.
The three primary reactions are shown below in equations, Eq 2.6.1-2.6.3.
𝐶𝑂 + 0.5 𝑂2 → 𝐶𝑂2

(2.6.1)

𝐶2 𝐻6 + 3.5 𝑂2 → 2𝐶𝑂2 + 3𝐻2 𝑂

(2.6.2)
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(2.6.3)

2𝑁𝑂 + 2𝐶𝑂 → 2𝐶𝑂2 + 𝑁2

Three-way catalysts can effectively achieve high performance in the reduction of
incomplete combustion byproducts if the exhaust is maintained at stoichiometric conditions.
[23,57,58] Therefore, the combustion environment must be optimally controlled to maintain the
proper exhaust compositions. Moreover, by simply reacting the byproducts of incomplete
combustion into less harmful products; the chemical potential within the exhaust flow is converted
into wasted heat generation.
Table 2.6.1. Standard enthalpy of reaction for chemical equations 2.6.1-2.6.3

𝑪𝑶 + 𝟎. 𝟓 𝑶𝟐 → 𝑪𝑶𝟐

Standard
Enthalpy of
Reaction
-283 kJ

𝑪𝟐 𝑯𝟔 + 𝟑. 𝟓 𝑶𝟐 → 𝟐𝑪𝑶𝟐 + 𝟑𝑯𝟐 𝑶

-1426 kJ

𝑵𝑶 + 𝑪𝑶 → 𝑪𝑶𝟐 + 𝟎. 𝟓𝑵𝟐

-177.55 kJ

Summation

-1886.55 kJ

Reaction

Each of the chemical reactions utilized by the PGM is exothermic, as shown in Table 2.6.1.
Current treatment methods release this chemical potential into excess heat that must be managed
within the exhaust system and controlled away from the occupant cabin. [55,56]
If the engine enters a fuel lean condition, equivalence ratio <1, it is clearly seen that the
reduction potential of nitric oxide will suffer (Eq. 2.6.3), as limited carbon monoxide will be
formed relative to the amount of nitric oxide formed during the combustion process. Fuel
modulation must be precisely monitored to maintain stoichiometric conditions within the exhaust
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stream under all driving conditions. Automotive manufacturers must limit lean operation time, or,
to increase the range of operability, introduce a nitrogen oxide trap. [23,57,58]
The addition of a lean nitrogen oxide trap (LNT) and selective catalysts have been utilized
to increase the reduction of NOx concentration in the exhaust stream. [58-62] LNT’s utilize zeolitebased materials to temporarily store nitrogen oxides. When the engine enters a fuel lean condition,
rendering the catalytic converter unable to convert NOx, or if excess NOx exists within the exhaust
gas, the pores and interstitial sites within the zeolite capture and store NOx.[59-64] The zeolite
material is highly effective in preventing the release of NOx during fuel lean engine conditions;
however, there is often a finite limit on the storage capacity of these materials.[59] Once the zeolite
is at capacity, the LNT must be regenerated. To restore function to the LNT, the engine may enter
into a fuel rich condition, additional emission control fluid (Such as diesel exhaust fluid) may be
injected into the exhaust system, or additional selective catalysts may be incorporated in the
downstream exhaust system.[58-68] The LNT therefore increases the complexity of engine control
management systems and exhaust systems.[56,63,69,70,71] The reaction of NOx emissions, and
more specifically NO, has been identified as a significant barrier to lean engine operation, and with
it, decreased fuel consumption. Moreover, NO emissions have been identified to lead to increased
smog, acid rain, climate change, and respiratory inflammation within the population [54,72,73].
NO reduction has traditionally been separated into two categories: 1. Chemical gradient
and equilibrium chemistry, with or without a catalyst present [74-78]; and 2. Combustion reaction
chemistry [69,79-81].
A high concentration of NO will drive an equilibrium reaction toward diatomic nitrogen
and oxygen, Eq 4.3.1, given sufficient energy and/or the presence of a catalyst. [25,69,81]
𝑁2 + 𝑂2 ↔ 𝑁2 𝑂2 ↔ 2 𝑁𝑂

46

(4.3.1)

NO may also undergo a combustion reaction with ammonia (NH3), air, and/or
hydrocarbons (CxHy), During the reaction of NO into diatomic nitrogen and oxygen, N2O2 has
been reported as the primary initiating intermediate species for all reaction mechanisms. [1-6,7481,82-90] N2O2 is then traditionally followed by the formation of NO2 as the reaction progresses
[29,34-38]. However, an alternate reaction pathway has been demonstrated when ammonia is
directly supplied to a Pt catalyst at ~850 ºC. In this reaction, NO may potentially form trace
amounts of N2O, following N2O2. [69,79-86] This initial discussion of reaction pathways, provided
above, is meant to as an introduction for further discussion on the breakdown and electrochemical
manipulation of NO in Chapter 4, Section 4.3.3.
Current technologies can effectively reduce the incomplete byproducts of combustion but
place significant restrictions on the operation of the combustion environment. The development of
a technology that can maintain continuous function given any engine condition and potentially
extract the chemical energy within the exhaust flow would be beneficial to the industry. Chapters
3 and 4 investigate the emission reduction capability of SOFC materials within combustion
exhaust.
2.6.2 Corrosion of Total Hip Arthroplasty Biomedical Implants
Advancements in modular hip prostheses over the past few decades has allowed for the
increased success of THA, making it one of the most successful surgeries to increase patient
mobility and decrease pain. [91,92] However, implant corrosion and wear-related complications
remain a daily concern for implant longevity and patient health.[91] In the U.S. alone, there are
over 370,000 THA’s performed annually and that number is expected to continually grow. It is
predicted that over 3 million individuals are currently living with a hip implant. [91,92]
Modern generations of hip implants utilize metal-metal junctions, commonly made from
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cobalt-chromium-molybdenum or titanium-aluminum-vanadium alloys, to provide a
modular, unique intraoperative fit for each patient. [92,93] Measurements taken prior to
surgery approximate the size of the prosthetic to be used; however, the surgeon may adjust
components during surgery, once the damaged hip has been removed and measurements
rechecked, ensuring an ideal fit. The modular femoral neck and head, which allow for
intraoperative assembly, utilize a Morse taper for fixture. [94-96] The Morse taper is
designed as a self-interlocking taper, not requiring adhesive or cement for fixture. A Morse
taper is typically found at the femoral neck-head junction but may be additionally present
at a modular femoral neck-shell junction. Although, the introduction of intraoperative
assembly junctions has allowed for the increased modularity and successful fitment of hip
prosthetics. Utilization of this type of modular junction can suffer from severe
inflammatory reactions of the periprosthetic soft tissue, which may potentially lead to
chronic pain and/or accelerated implant failure. [97-99]
Increased inflammatory reactions can lead to increased risk of corrosion and wear,
resulting in extensive tissue necrosis, injury to abductor muscles and tendons, aseptic
loosening/osteolysis, increased revision complications, and significant patient morbidity.
[100,101]
For every 100 hip replacement surgeries in the U.S., there are approximately 18 hip
revision surgeries, costing on average, $39,000 and 2-3 hours of surgical time per
event.[91,92,97,102] Implant corrosion and secondary tissue inflammation are a growing
cause of THA revisions.[97] Therefore, inadequate understanding of implant corrosion
wear could result in significant economic impact and wasted surgical hours.
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The inflammatory response appears to be initiated by the interaction between corrosion
products generated at the modular junctions and macrophages in the periprosthetic tissue.
Phagocytosis of corrosion products and macrophage necrosis is accompanied by a perivascular
lymphocytic infiltration, which is then followed by extensive soft tissue necrosis.[100] This
localized tissue necrosis can become extensive, resulting in significant patient morbidity.[101]
This soft tissue and bone damage increases the risk of post revision complications, and frequently
results in significant patient morbidity. [97,100,101]
Mechanically driven fretting and mechanically assisted crevice corrosion at the metal
interfaces of THA implants has been the focus of the research community over the preceding
decades. [40-47] As discussed previously, fretting corrosion is driven by micro-motion at the
modular junction and generates significant particulate matter, commonly referred to as wear
particles. The wear particles then undergo inflammatory inducing reactions within the
periprosthetic tissue and fluids.[47,51-53,103] Crevice corrosion, simultaneously, enhances the
erosion and embrittlement of the material at the interface between femoral head and modular
femoral neck, by increasing anodic dissolution and acidification.[48,53] Although fretting and
crevice corrosion are clearly evident at the modular junctions, previous studies often do not
completely replicate the complex chemical composition of wear particles recovered from patients
with failed prostheses. [36-42]
When lab results from simulated fretting corrosion are compared to a failed prosthetic
implant, it becomes clear that although fretting may be occurring, it is not a complete explanation.
An example of a corroded implant is shown in Fig.2.6.1A [39] below. This image is then followed
by the industry standard result for fretting corrosion in Fig. 2.6.1B. [52]
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Figure 2.6.1. A: Surface damage to the CoCrMo neck, mainly in the distal medial area and
scanning electron microscope image with a higher magnification showing both mechanical
fretting wear and corrosion damage on removed implant. Reprinted from Materials Science
and Engineering: C, 79, Oskouei, et al, A new finding on the in-vivo crevice corrosion damage
in a CoCrMo hip implant, 390-398, Copyright (2017), with permission from Elsevier. [39] B:
Backscatter and secondary electron mode SEM micrographs of pin and disk surfaces of
CoCrMo obtained at the end of fretting corrosion in lab testing. Reprinted from Biomaterials,
33, Swaminathan, et al, Fretting corrosion of CoCrMo and Ti6Al4V interfaces, 5487-5503,
Copyright (2012), with permission from Elsevier. [52]
A

B

Images of Fig. 2.6.1B clearly replicate the physical wear phenomena seen in the recovered
prosthetic in Fig. 2.6.1A, but may not adequately address the corroded areas, highlighted in blue,
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Fig 2.6.1A. When failed prosthetic systems are retrieved and the corrosion products analyzed, the
chemical composition of the particulate matter illustrates significant changes from the base metal
alloys. The principal in vivo corrosion products have been identified to consist of chromium,
cobalt, and/or titanium oxides, with potentially mixed oxidation states. In addition, varying
concentrations of metal phosphates, and calcium complexes have been identified. [39,41,99,130106] In vitro fretting studies often cannot replicate the chemical complexity of in vivo corrosion
products, and generate primarily Cr2O3 or TiO2 particulate matter.[36-40,42] In vitro studies have
not demonstrated overt success in replicating altered oxidation states, nor the formation of calcium
and phosphorous complexes. [36-45] However, a recent fretting study by Zhu et al [51], performed
in phosphate buffer solution, was able to accurately replicate the formation of CrPO4 and the
release of cobalt ions into solution. During this study the samples were held at a constant potential
(-100 mV vs Ag/AgCl) by a potentiostat at room temperature. Fretting currents were not captured.
The authors indicate that future work is required to investigate the possibility for additional surface
corrosion to have initiated at a grain boundary at the surface or at another localized surface
potential. The possibility of exposure to low magnitude temporally and spatially varying electric
fields is not discussed. Therefore, it is reasonable to assume that the experimentally setup could
have been exposed to standard ambient electromagnetic noise within a standard, modern
laboratory.
The focus of work presented here investigates a novel, electrically driven, electrochemical
corrosion mechanism that occurs concurrently with fretting and crevice corrosion in the implanted
environment. The human body is a complex dynamic chemical, electrolytic, electrochemical, and
electrically conductive system.[12,107,108] Therefore, the introduction of a metal based prosthesis
into such a system, subjected to constant bombardment of ambient electromagnetic radiation,
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allows for the electrical charge manipulation at the implant’s surface.[109-112] Ambient
electromagnetic fields impressed onto the metal-oxide-solution interface may result in spatially
and temporally varying electric potentials on the surface of the metal. Furthermore, as
demonstrated in Sections 2.3-2.5, electrochemical reactions are inherently dependent upon relative
electric potentials. As such, these induced surface potential shifts, though short in duration, may
be sufficient to enhance corrosion reactions. Currently, a possible electrochemical manipulation
arising from ambient electromagnetic fields is not discussed in the analysis and understanding of
metallic implant corrosion. [17-19,28-35] Moreover, this author has not been able to identify any
specific considerations taken with regards to high frequency, ambient electric fields during in vitro
testing of biomedical alloys, even though multiple electromagnetic fields will be present within all
modern laboratory environments.

2.7 Summary and Conclusions
Current theory and practice, as demonstrated above, clearly do not accurately account for
the presence of low magnitude dynamic electric fields, and the possibly of induced potential shifts,
manipulating complex electrochemical reactions at the electrode surface. The current theoretical
framework is primarily limited to predict only quasi-equilibrium system responses, simplistic
reactions, and systems that follow predictable equilibrium thermodynamics. There is a
fundamental lack of understanding when analyzing the dynamic response of a complex system
when subjected to external, varying electric fields. The experimental work presented in the
following chapters will attempt to illuminate functional relationships and responses to oscillatory
electrical activity on a metal electrode within a complex system.
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Chapter 3. Utilizing Solid Oxide Fuel Cells to Reduce Combustion
Emissions
3.1 Introduction
As a continuation of previous research by the Combustion and Research Laboratory, initial
study into applied electrochemical systems began by adopting the principles of SOFCs into the
reformation of combustion exhaust. Following the discussion presented in Chapter 2, Section
2.6.1, the potential for SOFC integration into automotive exhaust was examined. This chapter is
largely based on prior work published for the 2020 Society of Automotive Engineers World
Congress Summit.[82] SOFC’s are electrochemical conversion devices which are typically
regarded to have high efficiency, low emissions, high fuel flexibility, and high capability for
internal fuel reforming.[20] SOFC’s provide the potential for a staged reduction in automotive
exhaust emissions by utilizing selective catalysts on the anode and cathode, respectively. As such,
SOFC manufacturing techniques and material was investigated as a more cost-effective solution
for continual automotive exhaust treatment when compared against traditional catalysts outlined
previously.

3.2 SOFC Fundamentals
SOFCs are electrochemical conversion devices that can be manufactured in planar and
tubular geometries, Fig. 3.1
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Figure 3.2.1 Schematic of traditional solid oxide fuel cell geometries

Chemical energy within the hydrocarbon fuel is converted via the SOFC into electrical
energy. SOFC’s are manufactured utilizing three layers, an anode, electrolyte, and cathode. A
hydrocarbon fuel, carbon monoxide, or hydrogen is introduced into the anode layer of the fuel cell.
Oxidant is then supplied to the cathode layer, as shown in Fig 1. The fuel is oxidized at the anode
layer and the oxidant is reduced by the cathode in the following redox reactions [20].
𝐻2 → 2𝐻 + + 2𝑒 −
0.5 O2 + 2𝑒 − → O2−
The oxygen anions are then transported through the electrolyte layer while the electrons
are then able to pass through an external circuit, producing electrical power. The anion and cation
then form to produce water.
𝑂2− + 2𝐻 + → 𝐻2 𝑂
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Figure 3.2.2 Pictorial representation of solid oxide fuel cell operation. [20]

SOFCs use specialized ceramic materials in order to convert chemical energy into electrical
energy. The electrolyte must remain electrically resistive while maintaining high oxygen anion
conductivity. The anode and cathode, in comparison, must be both electrically and ionically
conductive. Therefore, the anode is typically constructed with a mixture of NiO and the selected
electrolyte material in order to demonstrate mixed characteristics. The anode materials must be
tuned to properly react hydrocarbon fuels, whereas the metal base of the cathode layer must be
highly selective toward oxygen. Both the anode and cathode are manufactured in such a way to
guarantee porosity, to allow oxidant and fuel to penetrate these outer layers. The electrolyte, in
comparison, is made of a dense perovskite ceramic allowing only oxygen ion transport. [113]
Integration of SOFCs into automotive exhaust stems from the development of a Direct Flame Fuel
Cell (DFFC), shown in Fig. 3.3 (A). The operating principle of the DFFC is based on the
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combination of a flame with a SOFC in a simple setup. The flame serves as fuel-flexible partial
oxidation reformer, which generates H2 and CO (syngas), while simultaneously providing the heat
required for SOFC operation.

Figure 3.2.3. Schematic of (A) DFFC and (B) flame assisted SOFC. [114-116]

One simple modification of the DFFC allows for the integration of SOFCs into many
combustion applications as a flame assisted SOFC. Instead of an open flame being utilized, a single
chamber is used to seal the combustion process to the anode layer of the SOFC away from the
flame, creating a flame assisted SOFC, shown in Fig. 3.3 (B). In this configuration any combustion
process may be used to generate sufficient heat and syngas for SOFC operation. [114-116] In this
study, the internal combustion engine replaces the direct flame. The engine therefore acts as a
partial oxidation fuel reformer, supplying sufficient thermal energy and fuel to the SOFC.
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3.3 SOFC Catalytic Converter Patent Design
The fuel cell stack will be placed just downstream of the exhaust manifold of the engine.
An air delivery system will be integrated into the exhaust system to supply a stream of fresh air,
when needed, to the cathode side of the SOFC stack, separate from the exhaust stream. A multitube exhaust manifold will transport the exhaust gas and fresh air to the fuel cell stack, separately.
The exhaust manifold will be constructed in such a way to allow the pre-heating of the fresh air by
the exhaust gas. The traditional catalytic converter, at the exit of the exhaust manifold, has now
been replaced by the fuel cell stack. The exhaust gases will then flow through the tubular anode of
the fuel cell stack, while the now-heated air is injected to the cathode side of the fuel cell stack.
[117] The integration of the SOFC stack into the exhaust system of an internal combustion engine
is shown in Fig 3.3.1.
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Figure 3.3.1. Schematic of fuel cell stack integrated in automotive exhaust with detailed view
(Patent #11,101,482). [117]
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The exhaust gas passing through the tubular anodes of the fuel cells acts as the primary
fuel source for the SOFC. At the anode any unburned hydrocarbons, H2, and CO will be reacted
into water and carbon dioxide, while generating electrical energy. The exhaust gas, upon exiting
the tubular anode of the SOFC, will be recycled to the cathode side of the SOFC. The SOFC
cathode layer is able to react NOx in lean conditions. [63,80,83,85] The cathode layer will then
decompose NO2 into N2, allowing the oxygen ions to travel through the electrolyte layer to react
with particulate carbon, CO, H2, or hydrocarbons present on the anode layer. The exhaust gas will
then leave the cathode side of the fuel cell stack and travel out of the tailpipe to the atmosphere.

3.4 Materials and Experimental Methods
3.4.1 SOFC Materials and Manufacturing Technique
A typical planar SOFC that could operate at temperatures between 400°C ~1000°C, the
typical temperatures expected within automotive exhaust, was tested for emission reduction in
comparison to a section of catalytic converter. [118-121] A Ni-GDC SOFC was compared against
a section of commercially available catalytic converter material at 600°C. The anode of the SOFC
was made via dry pellet pressing of 60% by weight NiO and 40% by weight GDC powder. The
anodes were then pre-sintered at 1000°C. A GDC electrolyte was then wet powder sprayed onto
the anode layer. The anode and electrolyte layers were then co-sintered to 1450°C. Finally, a LSCF
(La0.60Sr0.40)0.95Co0.20Fe0.80O3-X, GDC cathode layer was wet-powder sprayed onto the electrolyte.

3.4.2 Experimental Test Setup
The initial work was designed to directly compare the potential of the SOFC for emission
control against a traditional PGM catalytic converter. The PGM based catalytic converter is a
commercially available catalytic converter purchased from the Volkswagen-Audi Group (VAG).
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It is a modern three-way catalyst, with an internal honeycomb structure consisting of a platinum
combined with palladium and rhodium. The catalytic converter specimen’s surface area was
matched to that of the reactive area of the SOFC, 0.81 cm2.
Each specimen was tested for emission reduction within the same testing apparatus. The
testing apparatus was then placed within the same split tube furnace for accurate temperature
control. Bench top flow meters directed were utilized to control the flow of each constituent within
the model exhaust. The model exhaust was supplied to the reactive membrane within the furnace
via 3/8-inch ID inert quartz piping. The flow meters were calibrated prior to testing. For each run
the specimen was supplied with 143 ml/min of Air, 1 ml/min of 10% NO with N2 balance, 5 ml/min
of CO, and 15 ml/min of CH4. This is meant to simulate a near stoichiometric exhaust mixture, for
CH4 and Air, for testing across varying temperatures. The high content of hydrocarbons and CO
is designed to emulate the exhaust of a catalyst warm up strategy. The incoming flow is known to
consist of 18.31% O2, 9.14% CH4, 3.05% CO, and 0.0609% NO.
The incoming flow was allowed to react with the first side of the specimen, then
recirculated to the other side of the specimen within the furnace before exiting for measurement.
All runs were controlled so that the model exhaust had the same contact time with the reactive
membrane and time at temperature.
A baseline is shown for each temperature. This baseline indicates the measured
composition after the known concentration was sent through the testing apparatus at temperature
without any reactive membrane present. The effluent of each test was measured with Mass
Spectroscopy, MS, and emission gas analyzer. Each of the following figures represents the time
average result for each specimen. Each specimen was supplied with the model exhaust for 30 min
prior to beginning testing. The MS scans are then taken and averaged over the next 30 min with
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continual sampling. The emission analyzer is then connected to the effluent stream and samples
for an additional 30 min. Only a single temperature MS scan is shown for the test. All temperatures
followed a similar trend and were determined to provide redundant information. The 30 min timer
for data sampling did not begin until the intake lines of the MS and emission analyzer were purged,
and readings became stable.
The model exhaust was continually fed into the system, and therefore, it is believed that
the chemical species within the furnace may not reach chemical equilibrium. This test is meant to
simulate that of continual exhaust treatment. The test was conducted at 400°C, 500°C, 600°C, and
700°C to cover exhaust temperatures after warmup at idle ranging to under moderate engine load.
[118-121]
The test was then repeated under extreme fuel lean conditions at 600°C. This condition
would not occur under current and proper engine control systems. However, this allows for
fundamental investigation of reaction phenomenon for Nitrogen Oxide Reduction in extreme lean
conditions.

3.5 Results and Discussion
3.5.1 Emission Reduction in Catalyst Warm-Up Stage
The comparison between the SOFC and catalytic converter element across a wide range of
temperatures highlights significant differences in performance for particular emission species.
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Figure 3.5.1. Mass spectroscopy comparison between the baseline flow of 18.31% O2, 9.14%
CH4, 3.05% CO, 0.0609% NO, and N2 balance, a traditional Pt catalytic converter, and SOFC.

Figure 3.5.2. Comparison of hydrocarbon presence between a Pt based catalytic converter and
SOFC against the baseline flow across a temperature range of 400ºC-700ºC
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The SOFC and catalytic converter are closely matched in Hydrocarbon reduction for all
temperatures tested. However, this is the only similarity between the two specimens. The catalytic
converter is able to significantly reduce CO emissions, whereas the SOFC appears to generate CO
as an intermediate species. This indicates that the final conversion of intermediate CO to CO2 is
slower in the SOFC when compared to the catalytic converter.

Figure 3.5.3. Comparison of carbon monoxide presence between a Pt based catalytic converter
and SOFC against the baseline flow across a temperature range of 400ºC-700ºC
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Figure 3.5.4. Comparison of carbon dioxide presence between a Pt based catalytic converter
and SOFC against the baseline flow across a temperature range of 400ºC-700ºC

At all temperatures the total NOx emission from the SOFC is significantly lower than the
catalytic converter. The fuel cell is readily able to continually react and reduce NOx. This variation
in performance indicates significant academic interest. Neither the catalytic converter nor the
SOFC performance is clearly better. Therefore, future study is needed on a combined system.
Investigation of a SOFC that utilizes additional catalytic materials from the current catalytic
converter mixed into the electrode material may yield significantly improved emission control.
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Figure 3.5.5. Comparison of carbon dioxide presence between a Pt based catalytic converter
and SOFC against the baseline flow across a temperature range of 400ºC-700ºC

3.5.2 Emission Reduction in Extreme Fuel Lean Conditions
Both specimens were then tested under extreme simulated lean conditions. This condition
would not occur under current and proper engine control systems. However, this allows for
fundamental investigation of reaction phenomenon for Nitrogen Oxide Reduction in extreme lean
conditions. Neither the SOFC nor the catalytic converter is expected to function optimally in such
conditions. This test is conducted to investigate material properties beyond normal limits.
Neither the SOFC nor the catalytic converter is expected to function optimally in such
conditions. This test is conducted to investigate material properties beyond normal limits.
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Table 3.5.1. Emission reduction comparison between SOFC and catalytic converter for
simulated extreme fuel lean engine conditions at 600 ºC.
Equivalence Ratio of 0.3
O2 %
Baseline
8

CO %
2.2

CO2 %
22.9

NO ppm
46

NO2 ppm
0

CxHy ppm
6625

Catalytic Converter

7.57

1.36

23.6

39.17

1.83

6550

SOFC

7.11

0.59

24.6

34.5

0

6656

Percent Difference

5.62

35.2

4.73

10.1

NA

-1.6

Equivalence Ratio of 0.2
O2 %

CO %

CO2 %

NO ppm

NO2 ppm

CxHy ppm

Baseline

11.3

3

22.1

125

0

3100

Catalytic Converter

10.9

2.79

23

122.8

0

3141

SOFC

6.15

2.44

26.1

72.25

3

2615

Percent Difference

42.3

11.6

14.1

11.6

NA

16.9

Table 3.5.1 shows the operating conditions of baseline (without emission control), with a
catalytic converter, and with SOFC. The final row for each equivalence ratio in Table 3.5.1, labeled
“Percent Difference” gives the percentage difference of emission reduction performance between
the SOFC and the catalytic converter. A positive number indicates a higher performance from the
SOFC, whereas a negative number indicates a higher performance from the catalytic converter.
The new design for the SOFC system performs better than the catalytic converter. The
SOFC significantly outperforms the catalytic converter in oxygen utilization, carbon dioxide
production, and NO, CO reduction at an equivalence ratio of 0.3 and 0.2.
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The SOFC closely (within 2%) matched the catalytic converter for hydrocarbon reduction
at an equivalence ratio of 0.2. However, as the exhaust became leaner the SOFC significantly
outperformed the catalytic converter in hydrocarbon reduction.

3.6 Summary and Conclusions
The initial testing of the SOFC indicates the potential of the system as an emission control
device with the potential for power generation. Under traditional stoichiometric exhaust
conditions, the emission reduction potential of the SOFC matched that of the catalytic converter
for Hydrocarbon conversion. The SOFC performed better in NOx reduction yet failed to match CO
reduction.
Under extreme lean conditions, the SOFC significantly outperforms the catalytic converter
in oxygen utilization, carbon dioxide production, and NO, CO reduction. However, testing of
SOFC cathode material alone and SOFC half cells against complete SOFC illustrate significantly
lower reduction in NO concentration.
Further investigation into the fundamental mechanism by which the SOFC is capable of
significantly decreasing NO concentration is required. It is believed that the reaction phenomenon
is a combined property of the material and completed cell.
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Chapter 4.

Discovery of Altered Chemical Reaction Pathways via

Oscillating Electric Potentials: Utilizing Layered Perovskite
Membrane for Nitric Oxide Reduction
4.1 Introduction
In the previous chapter, it was demonstrated that a SOFC is able to significantly outperform
the PGM catalytic converter in the reduction of NO and CO, and closely matches the PGM
catalytic converter in the reduction of hydrocarbons. Additionally, the SOFC is able to maintain
function in the presence of high concentrations of oxygen. Therefore, the fundamental reaction
mechanism by which the SOFC is capable of continuously reacting NO is investigated. As such,
the SOFC is no longer referred to as a SOFC, but instead an “electrochemical-catalytic
membrane.” Electrochemical-catalytic membrane is preferable in this situation, as the SOFC
nomenclature indicates a desire for electrical power generation, and in this scenario, only the
catalytic properties are under investigation.
The novel electrochemical-catalytic membrane has demonstrated an ability to consistently
outperform traditional catalytic membranes for continuous NO reduction across multiple operation
conditions. During testing, a minute oscillatory electrical voltage was seen to develop across the
membrane. Therefore, this work is designed to investigate the fundamental relation between
electrical activity and reaction mechanism by which the novel electrochemical-catalytic membrane
is able to react NO. The results of this chapter are heavily related to prior work, published in Nature
Scientific Reports. [7]
Catalytic perovskite materials are arranged such that two metal-based catalytic layers are
separated by and in contact with a dielectric membrane for the study of NO reduction. The resulting
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electrochemical catalytic membrane is subjected to model exhaust flows within a controlled
laboratory to serve as an initial investigation into the emission control potential.

4.2 Materials and Experimental Methods
4.2.1 Perovskite Material Selection and Membrane Fabrication
The support layer is comprised of nickel oxide-gadolinium doped ceria (48.9 vol% NiO
51.1 vol% Gd0.10Ce0.90O2-x), the dielectric material of gadolinium doped ceria (Gd0.10Ce0.90O1.95)
and the outer layer of lanthanum strontium cobalt ferrite-gadolinium doped ceria (52.4 vol%
(La0.60Sr0.40)0.95Co0.20Fe0.80O3-X 47.6 vol% Gd0.10Ce0.90O1.95) [1-6]. Although these materials are
commonly utilized in the production of high temperature solid oxide fuel cells, their purpose here
is to act only as a catalytic membrane. As such, the nickel oxide was not reduced to nickel prior to
testing. Pure silver wire electrodes were then added to both the support and outer layers via silver
paste at the edge of the layer.

4.2.2 Experimental Setup and Testing Procedure
A test was constructed in order to investigate the fundamental mechanism by which the
cathode layer of the electrochemical-catalytic membrane was able to significantly breakdown NO.
The new electrochemical-catalytic membrane, with 0.81 cm2 of reactive surface area, is tested for
NO reduction against: 1. VAG catalytic converter with 0.81 cm2 of reactive surface area; 2. The
same electrochemical-catalytic membrane with the anode and cathode wired together to resemble
a short circuit condition (hereafter referred to as an external short circuit or short circuited); and 3.
The same electrochemical-catalytic membrane with an external 3 V, 8,000 μs (4 % duty cycle)
pulse width modulation (PWM) signal with 0.81 cm2 of reactive surface area.
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Each specimen was held at 600 °C and subject to 5 ml/min flow of a certified premixed
gas cylinder of 10 vol% NO and 90 vol% N2. All testing equipment was cleaned, dried, and flushed
with Ar for 1 hour within the furnace at 600 °C prior to testing, to ensure no contamination of
results. Only N2 and NO were supplied to the testing apparatus. During each test, the internal
furnace environment surrounding the testing equipment was flooded with Ar, in order to ensure an
external inert environment and to detect any leakage. For the electro-chemical catalyst, the NO
flow was sent to the cathode side of the membrane. The voltage signal for both the electro-chemical
catalytic membrane and the short-circuited membrane were recorded with a 100 MHz oscilloscope.
For both of the experimental setups, the effluent of each specimen, recorded with a Hiden
Analytic QGA MS with a 100ppb detection limit, verified via GC by an SRI 8610C and an Einstruments E-8500 emission analyzer, is compared to the baseline effluent. The experimental
setup for the second, one sided test is depicted below in Fig. 4.2.1 The experimental setup for the
initial study is the same, except before the effluent leaves the testing chamber it is recycled over
the opposite side of the test specimen and then is exhausted.
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Figure 4.2.1: Schematic of electrochemical catalytic membrane testing apparatus
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4.3 Results and Discussion
4.3.1 Comparison of Perovskite Membrane and Platinum Metal Group Catalyst

Table 4.3.1: Experimental Results: NO Reduction Comparison of the Electro-chemical
Catalytic Membranes and Traditional Catalyst Specimens

Specimen
Sample

NO Concentration
in Effluent (vol %)

Baseline
PGM Catalytic
Converter
Short Circuited Electrochemical Catalytic
Membrane
Electro-chemical
Catalytic Membrane
Electro-chemical
Catalytic Membrane
with 3V PWM Signal

10.0

Percent
Reduction
from Baseline
(%)
-

7.08

29.2

7.01

29.9

3.10

69.0

2.07

79.3

The electro-chemical catalytic membrane, consisting of two metal electrode surfaces
separated by a dielectric electrolyte, was able to achieve a reduction in NO concentration greater
than 2X that of a traditional PGM catalyst as seen in Table 4.3.1 above. Additionally, wiring an
external oscillating voltage signal between the two metal electrodes of the membrane increased
reduction potential by an additional 10 %. This behavior is in stark contrast to that of the electrochemical catalytic membrane with the addition of an external short circuit, which was only able
to convert an amount of NO similar to a traditional PGM catalyst.
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4.3.2 Analysis of Electric Potential Activity

Figure 4.3.1: Electrical Signal Recording Overlays of the Novel Electrochemical Catalytic
Membrane with (shown in orange) and without (shown in blue) an External Electrical Short
Circuit at 600 °C and Subjected to 5 ml/min Flow of a Certified Premixed Gas Cylinder of 10
vol% NO and 90 vol% N2. Signal Noise Amplitude of ~35 mV with Electrical Short (orange)
and ~50 mV without the Short Circuit (blue)

Fig. 4.3.1 shows the comparison of the voltage signal generated by the electro-chemical
catalytic membrane and the electro-chemical catalytic membrane with an external short circuit
during the NO reduction. The externally short-circuited membrane is centered on a voltage
potential of 0, whereas the membrane without a short circuit is centered around -6.0 mV, under
the standard convention of the cathode being the electrically positive electrode. Additionally, the
oscillations of the membrane without a short circuit are 2X the magnitude of those seen in the
short-circuited membrane. Amplification of voltage oscillations within the membrane, as with the
addition of a PWM external source, increases the total amount of NO reduction. Therefore, the
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ability of the electro-chemical catalytic membrane to charge and discharge while interacting with
an external flow is the key difference allowing for significantly increased reaction rates.

4.3.3 Analysis of Altered Chemical Reaction Pathway during the Decomposition of NO

Figure 4.3.2: Mass Spectrum Analysis Comparison of Exhaust Effluent after Interacting with
Each Specimen at 600 °C and Subject to 5 ml/min Flow of a Certified Premixed Gas Cylinder
of 10 vol% NO and 90 vol% N2. Baseline Represents the Effluent of the Same Gas through the
Testing Apparatus at Temperature without Any Reactive Membrane in Place. **The electrochemical catalytic membrane with external short circuit is not shown, as it nearly coincides
with the traditional PGM catalytic converter, reducing the clarity of the plot

The electro-chemical catalytic membrane shows significant deviations from all other
specimens in the mass spectrum at 17, 18, 30, 32 and 44 amu, as shown in Fig 4. The difference
at 30 and 32 amu represent a reduction in NO and production of O2, respectively. The large peak
at 18 amu, followed by sub-peaks at 17 and 16 amu indicates lone and charged oxygen. The peak
at 44 amu indicates a concentration of N2O. The decrease in magnitude at 18 amu and the
substantial peak at 44 amu represents a significant deviation from the majority of literature for NO
breakdown.
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As introduced in Chapter 2, Section 2.6.1, the reaction of NO into diatomic nitrogen and
oxygen, typically passes through an intermediary of NO2. [79,83-87] An intermediary of N2O
has only been recorded while supplying ammonia to a platinum catalyst at 850 ºC [79,69-86].
In this study, there is clear formation of N2O without additional reactants being sourced to aid the
reduction of NO. It is therefore believed that the electrical oscillation activity of the electrochemical membrane is the reason for an altered reaction pathway and significant reduction of NO.
This hypothesis is primarily investigated through a Gibbs free energy analysis. The following table
lists potential reactions and respective changes in Gibbs free energy for a temperature range near
the testing point of 600 ºC in the breakdown of NO and eventual formation of N2 and O2.
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Table 4.3.2: Gibbs Free Energy of Reaction Analysis Summary of Potential Chemical Reaction
Equations
Gibbs Free Energy Analysis of Reaction (kJ)
Temperature of Reaction (°C)
Chemical Reaction
450

500

550

600

650

700

750

800

1

𝑁2 + 𝑂2 → 𝑁2 𝑂2

219.5

225.0

230.4

235.9

241.3

246.8

252.3

257.7

2

𝑁2 + 𝑂2 → 2𝑁𝑂

169.4

168.2

166.9

165.7

164.4

163.2

161.9

160.7

3

2𝑁𝑂 → 𝑁2 𝑂2

50.1

56.8

63.5

70.2

76.9

83.6

90.3

97.0

4

𝑁2 + 𝑂2 → 𝑁𝑂2 + 𝑁

507.4

507.6

507.7

507.9

508.0

508.2

508.4

508.5

5

𝑁2 + 𝑂2 → 𝑁2 𝑂 + 𝑂

338.4

339.2

339.9

340.7

341.5

342.3

343.1

343.9

6

1
𝑁2 + 𝑂2 → 𝑁𝑂2 + 𝑁2
2

60.6

63.6

66.6

69.7

72.7

75.8

78.8

81.8

7

1
𝑁2 + 𝑂2 → 𝑁2 𝑂 + 𝑂2
2

115.5

119.2

122.9

126.7

130.4

134.1

137.8

141.5

8

1
𝑁2 𝑂2 → 𝑁2 𝑂 + 𝑂2
2

-104.0

-105.7

-107.5

-109.2

-111.0

-112.7

-114.5

-116.2

9

𝑁2 𝑂2 → 𝑁2 𝑂 + 𝑂

118.9

114.2

109.5

104.8

100.2

95.5

90.8

86.1

10

1
𝑁2 𝑂2 → 𝑁𝑂2 + 𝑁2
2

-158.9

-161.4

-163.8

-166.2

-168.6

-171.0

-173.5

-175.9

11

𝑁2 𝑂2 → 𝑁𝑂2 + 𝑁

287.9

282.6

277.3

272.0

266.7

261.4

256.1

250.8

12

2𝑁2 𝑂 → 2𝑁2 + 𝑂2

-231.0

-238.5

-245.9

-253.3

-260.7

-268.2

-275.6

-283.0

-200.2

-203.3

-206.4

-209.5

-212.6

-215.7

-218.8

-221.8

13

𝑁2 𝑂 + 𝑁𝑂 →

3
𝑁 + 𝑂2
2 2

14

2𝑁𝑂2 → 𝑁2 + 2𝑂2

-121.1

-127.2

-133.3

-139.4

-145.4

-151.5

-157.6

-163.7

15

3
𝑁𝑂2 + 𝑁𝑂 → 𝑁2 + 𝑂2
2

-145.3

-147.7

-150.1

-152.5

-154.9

-157.3

-159.8

-162.2

16

𝑁2 𝑂 + 𝑁𝑂 → 𝑁2 + 𝑁 + 𝑂2

246.6

240.7

234.7

228.7

222.8

216.8

210.8

204.9

17

𝑁𝑂2 + 𝑁𝑂 → 𝑁2 + 𝑂2 + 𝑂

77.6

72.3

66.9

61.6

56.2

50.9

45.5

40.2
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For simplicity of analysis, it is assumed that the first step in the breakdown of NO is the
formation of N2O2, as has been reported previously in literature. [1-6, 74-77, 81-90] Therefore, the
key equations to investigate in Table 4.3.2, given sufficient concentration of N2O2, are reaction
equations numbers 8 and 10. It is clear that at 600 ºC the formation of NO2 is energetically
favorable to the formation of NO2, reaction 10, if the Gibbs free energy minimization is the only
driving factor. However, it also indicates that the formation of N2O, reaction 8, could also be
spontaneous but is less probable to occur than reaction 10. Therefore, it is reasonable to assume
that an electrochemical manipulation/influence could drive the likelihood of occurrence toward
reaction 8 and the formation of N2O.
4.3.4 Analysis of Nitrogen Transfer Efficiency
The transfer efficiency from NO to N2 is considered in conjunction with the Gibbs free
energy analysis. Table 4.3.2 indicates in reactions 12 and 14 that N2O as an intermediary species
should result in a higher yield of N2 when compared to NO2.
Table 4.3.3: Experimental Results: N2 Production Comparison of the Electrochemical
Catalytic Membranes and Traditional Catalyst Specimens with Transfer Efficiency Factors
Calculated
Specimen
Sample
Baseline
PGM Catalytic
Converter
Electro-chemical
Catalytic Membrane
with short circuit
Electro-chemical
Catalytic Membrane
Electro-chemical
Catalytic Membrane
with 3V PWM Signal

N2 Concentration
in Effluent (vol
%)

Change from
Baseline
(vol %)

Ideal N2
Increase
(vol %)

Transfer
Efficiency
Factor

90.0

-

-

-

84.62

-5.38

1.46

-3.69

90.88

0.88

1.50

0.59

92.51

2.51

3.45

0.73

93.72

3.72

3.97

0.94
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Table 4.3.3 above calculates the transfer efficiency factor from NO reduction to N2
production. The ideal increase in N2 is calculated from the reduction of NO reported in Table 4.3.1
and represents the amount of N2 that could be produced if the transfer efficiency were equal to 1.
That is, if all NO reduction resulted in the formation of N2. It is clear to see that the electrochemical
catalytic membrane with enhanced electrical activity has a significantly better transfer efficiency
at 0.94. There is a direct correlation between N2O production and increased N2 transfer efficiency.
The negative factor for the PGM catalytic converter is not considered to be abnormal for catalytic
converter operation. It has been reported that commercial PGM catalytic converters do have
limited N2, NO storage capability, which would account for the discrepancy in N2 concentration in
the exhaust [23, 57-64].
4.3.5 Discussion
Formation of N2O is seen in the mass spectrum analysis of the electrochemical catalytic
membrane and more predominately in the electrochemical catalytic membrane with forced
electrical oscillations. It is not as evident in the effluent of the traditional PGM catalyst, nor the
electrochemical catalytic membrane with an electrical connection between the anode and cathode.
Therefore, when the electrical activity on the membrane is not present, the formation of N2O is
significantly diminished.
The deposition, removal, and rearrangement of electrons from/on the catalytic surface is
believed to be the key in altering the probability of reaction pathways. Traditional catalytic reaction
chemistry with a solid, non-consumable catalyst without the presence or possibility of water
formation or the presence of a proton acceptor/donor, assumes that the catalytic surface, after
absorbing the reactant, acts primarily as an electron transport mechanism around the reactant
molecule [122,123]. For the above experimental results, the apparatus was free of any water vapor,
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as described in the methods section, and the test flow consisted of only nitrogen and oxygen,
eliminating the possibility of acid-base catalysis. Within any catalyst in which there is electron
movement around the reactant, there must be an ohmic like resistance. However, if the charge on
the catalytic surface is forced to vary, i.e., the surface is forced to charge and discharge, electron
movement to and from the surface is established prior to the absorption of the reactant molecule.
The addition and removal behavior of electrons that is established on the surface is believed to
manipulate the natural reaction pathways increasing the overall reactivity of the system. In
addition, this alternating voltage potential creates a fluctuating external electric field capable of
doing work and exciting any incoming polar molecule. The external field may also manipulate the
collisions of the incoming reacting species by forcing varying molecular alignment as the flow
approaches the catalytic surface.

4.4 Summary and Broader Implications
The unique configuration of a metal-based catalytic surface connected through a
dielectric membrane to another metal-based electrode allows for the potential of surface charging
and charge communication without significant internal current flow or internal charge balancing.
This charging and discharging of the catalytic surface allow for the altered chemical reaction
pathways demonstrated in this work. When the two metal electrodes of the electro-chemical
catalytic membrane are electrically connected, the reactivity decreased by a factor of ~2. Any
charge that began to develop on the surface was able to relax back into equilibrium via current
flow. Therefore, the surface charge was no longer capable of reacting with the incoming flow,
decreasing efficacy of NO conversion.
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Further investigation into this phenomenon has led to the consideration of CO and CO2
conversion to particulate carbon and gaseous oxygen. Although this exploration is in its infancy,
it does indicate potential for the electrochemical manipulation of carbon-based emissions
through electric potential oscillation.
Moreover, this phenomenon is believed to not be limited to high temperature fluid flows
and known catalytic elements. This electrochemical manipulation is therefore believed to be
present at any electrochemical interface in which a rapidly charging and discharging voltage
potential is capable of developing on a non-inert surface in the presence of a chemically reactable fluid. As such, this phenomenon is thought to be the unidentified factor in the corrosion of
implanted metals. Total hip arthroplasty is considered to be the most successful orthopedic
operation in restoring mobility and relieving pain; however, common Metal-on-Metal (MoM)
implants developed in the past decade suffer from severe inflammatory reactions of the
surrounding tissue caused by the premature corrosion and degradation of the implant. A
substantial amount of research has been dedicated to the investigation of mechanically driven
fretting and crevice corrosion as the primary mechanism of implant failure. However, the exact
mechanism leading to the breakdown of the hip implant remains unknown, as current in vitro
fretting and crevice corrosion studies have failed to completely replicate the corrosion
characteristics of recovered implants. In future chapters it will be shown that minor electric
potential oscillations on a model hip implant replicate the corrosion of failed implants without
the introduction of mechanical wear. We found in a controlled lab setting that small electrical
oscillation, of similar frequency and magnitude as those resulting from common ambient
electromagnetic waves interacting with the metal of the implant, can force electrochemical
reactions within a simulated synovial fluid environment that have not been previously predicted.
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Our results demonstrate that the electrical activity and ensuing electrochemical activity excites
two corrosion failure modes: direct dissolution of the medically implantable alloy, leaching
metal ions into the body, and surface deposition growth, forming the precursor of secondary
wear particles.

Chapter 5.

Electrochemical Corrosion of Implanted CoCrMo for

Total Hip Arthroplasty via Electrical Oscillation
5.1 Introduction
Following the analysis of electrochemical theory provided in Chapter 2, and its
application to the corrosion of implanted metals in Section 2.6.1, Chapter 5 investigates the
potential for an electrically driven, electrochemical corrosion mechanism that occurs
concurrently with fretting and crevice corrosion in the implanted environment.
The human body is a complex dynamic chemical, electrolytic, electrochemical, and
electrically conductive system. Therefore, the introduction of a metal-based prosthesis into such
a system, subjected to constant bombardment of ambient electromagnetic radiation, allows for
the potential of electrical charging and discharging at the implant’s surface. Here, we show that
such electrical charging and discharging of a typical CoCrMo metal sample within simulated
synovial fluid has the ability to initiate corrosion of the metal’s surface. This electrochemically
driven corrosion can accurately replicate the chemical composition of the corrosion products
found near failed implants without requiring mechanical wear. Furthermore, it is demonstrated
that if the implanted metal sample is shielded from electrical activity, corrosion does not appear
to occur. Investigating exposure to ambient electromagnetic radiation when implanted may aid in
developing a complete understanding of the in vivo corrosion mechanisms seen on implanted
alloys. [124-127, 128-129]
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5.2 Feasibility Investigation of CoCrMo Corrosion Product Formation from
Electrical Oscillation

5.2.1 Materials and Experimental Methods
Chapter 5, Section 5.2 follows experimental results previously published in Heliyon: A Cell Press
Journal. [12] Samples were cut from medical grade ASTM F1537 round stock to serve as a
simulated hip implant. The chemical composition of the alloy is found below in Table 5.2.1.
Table 5.2.1: Elemental analysis of CoCrMo metal alloy used in testing provided by United
Performance Metals. Testing completed by Carpenter Technology Corporation
ASTM F1537 CoCrMo Alloy Chemical
Composition by Weight Percent
Elements
Weight %
Cobalt
65.05
Chromium
27.76
Molybdenum
5.54
Trace Elements
Carbon
0.05
Manganese
0.79
Silicon
0.59
Phosphorous
0.003
Sulfur
0.005
Nickel
0.04
Copper
0.01
Aluminum
0.04
Nitrogen
0.175
Titanium
0.004
Tungsten
0.02
Boron
0.001
Iron
0.12
The 1” diameter round stock was crosscut, resulting in a 1/8” thick disc. The disc was
further sectioned into quadrants. Each quadrant received a 3/32” hole for future wire attachment.
The samples were polished to remove any surface imperfections with a Buehler Metaserv 250
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Grinder/Polisher and P400 grit silicon carbide wet polishing paper. The curved face of the sample
was further polished with P2500 grit silicon carbide wet polishing paper to develop a high sheen,
mimicking that of the bearing surface of a hip prosthetic.
Each sample was then wired with a medical grade one titanium wire lead, representative of
titanium hardware used in the installation of prosthetic hips. The chemical composition of the
titanium wire used is shown in Table 5.2.2 below.
Table 5.2.2: Elemental analysis of Titanium Grade 1 wire used in testing provided by
TEMCo Industrial
ASTM F76 Ti Grade 1 Chemical Composition by
Weight Percent
Elements
Weight %
Titanium
≥ 99.6
Trace Elements
Maximum Weight %
Nitrogen
0.03
Carbon
0.08
Hydrogen
0.01
Iron
0.20
Oxygen
0.18
Maximum Total Residuals 0.40
Two of the prepared samples were placed into each Pyrex petri dish, and subsequently
submerged in 100 mL of simulated synovial fluid. Each wire lead exited the side of the petri dish
under the lid. The simulated synovial fluid was created following the industry standard of a 1:1
(by volume) mixture of fetal bovine serum (FBS), purchased from Millipore Sigma, and de-ionized
(DI) water. [36-39, 52, 53, 99] The exact chemical composition of the FBS is unknown, but it is
known to contain a complex mixture of salts, proteins, and lipids. Any element identified during
testing not reported in the metal samples or in the preparation of samples, is assumed to be a result
of the FBS.
The samples subjected to electrical activity were connected to a frequency generator for
simulated electrical oscillation. A bacteria culture was taken of the simulated synovial fluid and
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placed within the incubation oven alongside the test specimens in order to identify any
contamination within the test fluid. The test specimens were then placed into a faraday cage within
an incubation oven at 37 °C for 10 days. For each test, two samples were subjected to electrical
oscillations and one baseline sample was shielded from electrical oscillation. Each test run was
repeated, resulting in four samples for each test condition to ensure repeatability, as well as two
baseline samples. During the duration of the lab testing, the samples subjected to true AC
oscillations were connected to an EIS potentiostat. An EIS response frequency sweep was
performed on each specimen daily from 1.5x106 Hz to 5.0x10-2 Hz, in order to characterize the
electrochemical properties of each specimen. At the conclusion of each test, the samples were
removed from the testing solution and rinsed with DI water. The samples were then gently wiped
clean with KimwipesTM to remove any loose material. Following this, the samples were rinsed
again with DI water, dried, and bagged for analysis.
Five test conditions were studied to represent a viability study for the first attempt to utilize
an oscillatory electrochemical reaction phenomenon to replicate the chemical corrosion of
implanted ASTM F1537. Samples from test condition A serve as the metal baseline. These samples
were not subjected to any testing after sample preparation. Therefore, Sample A represents the
clean ASTM F1537 sample. Samples from test condition B were placed into simulated synovial
fluid with no electrical activity. Samples from test condition C were subjected to a pulsed direct
current (DC) signal, consisting of a pulse width modulated signal at a 5 % duty cycle (900 µs pulse
on a 20,000 µs period), resulting in a root mean square voltage of 0.67 V. This test condition is
meant to investigate an electrophoretic deposition type corrosion mechanism. Skin electrode
testing, as well as previously reported literature, has indicated a potential DC offset of skin
electrical activity in the range of 500~800 mV. [132-139] Samples from test condition D were
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subject to a clean sine wave oscillation at 100 MHz and a peak-to-peak voltage magnitude of 250
mV. The voltage magnitude was selected in accordance to previously published literature for
recorded interference in nerve conduction studies, skin electrode data, and experimental work on
biological effects of external electric fields. [134-144] The corrosion mechanism was additionally
assumed to be a high frequency phenomenon, and as such, the frequency of oscillation was set to
the generator’s upper resolution limit. Samples from test condition E were subjected to a random
noise oscillation at a peak-to-peak amplitude of 250 mV with embedded frequencies up to 100
MHz and no DC offset. This is meant to investigate the effect of noise in comparison to the Sample
D test condition.
Samples from test conditions A, B, C, D, and E will be referred to simply as Sample A,
etc. and all results shown will be indicative of all samples from that test condition.
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5.2.2 Results and Discussion
5.2.2.1 Optical Microscopy Results
Figure 5.2.1: Optical microscopy micrographs of 5 samples under varying electrical test
signals. Sample A: Baseline CoCrMo alloy. Sample B: CoCrMo alloy placed in simulated
synovial fluid (50/50 DI water/FBS) with no electrical signal. Sample C: CoCrMo alloy in
simulated synovial fluid with Vrms=0.67 V pulsed DC electrical signal. Sample D:CoCrMo
alloy in simulated synovial fluid with 100 MHz Sine wave at 250 mV peak-to-peak amplitude
AC electrical signal. Sample E: CoCrMo alloy in simulated synovial fluid with 250 mV peakto-peak amplitude random noise AC electrical signal.
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When electrical activity was placed on the samples within the simulated synovial fluid,
samples C-E began clear corrosion activity. No sample tested here underwent mechanical wear,
yet contrary to many theories, corrosion began. The type of surface reaction appears to have a
dependency on the frequency of electrical oscillation, indicated by the difference in the appearance
of the surface after testing between samples C, D, and E. The combination of samples C-E appear
to recreate the corroded areas highlighted by Oskouei et al. [39] An application of oscillatory
electrical activity, in a magnitude similar to that experienced in daily life, begins to replicate the
tribocorrosive behavior seen in failed orthopedic implants.
5.2.2.2 Energy Dispersive X-Ray Spectroscopy Analysis
The surface composition of each sample was then analyzed by EDS, the results of which
were subsequently compared to published data on the analysis of wear particles retrieved from
patient tissue.
Figure 5.2.2: Micrographs of SEM EDS element mapping of 5 samples under varying
electrical test signals. Sample A: Baseline alloy. Sample B: Placed in simulated synovial fluid
(50/50 DI water/FBS) with no electrical signal. Sample C: Vrms=0.67 V pulsed DC electrical
signal. Sample D: 100 MHz Sine wave at 250 mV peak-to-peak amplitude AC electrical signal.
Sample E: 250 mV peak-to-peak amplitude random noise AC electrical signal.
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The result above clearly, Fig 5.2.2, demonstrates strong correlation to the published data
on recovered wear particles shown below in Fig 5.2.3. The samples with electrical activity (Rows
C-E) show significant surface modification when compared to the samples without electrical
activity (Row B). The surface modifications consist primarily of Titanium, Iron, Phosphorous, and
Oxygen.
However, the elemental composition differed for each type of electrical oscillation. Sample
C was subjected to a pulsed DC signal to identify any effects of DC offset as well as the potential
of electrophoretic deposition (EPD). The surface analysis shows removal of Mo and addition of
Ti, Fe, and O. The Mo is assumed to have entered solution or is masked by surface deposition. Fe
and O are assumed to have deposited from the FBS, whereas the Ti is assumed to have migrated
from the wire lead. This surface change is not directly attributed to the potential of EPD because
all samples under this test condition showed similar chemical changes. Typically, in EPD, it is
expected that charged particles held in colloidal suspension move toward and deposit on the
working electrode and move away from the counter electrode. However, in this instance, both
electrodes are composed of identical materials and display similar chemical change. It is possible
that EPD contributed to the transfer of Ti from the wire lead to the sample surface, yet Sample E
also illustrates migration of Ti without the potential for EPD. Therefore, further testing is required
to investigate the potential for EPD.
Sample D, under the influence of a clean sine wave oscillation, shows oxygenation of the
surface from the FBS, and similar to Sample C, shows loss of Mo.
Sample E, subjected to random noise, shows significant phosphorus presence, unlike any
other sample. The phosphorous is assumed to be precipitating onto the surface from the FBS.
Although, the ASTM F1537 stock used is reported to have 0.003 percent by weight, as shown in
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Table 5.2.1, concentration of phosphorous, all samples were cut from the same stock and no other
sample shows significant phosphorous concentration under EDS analysis. Moreover, all samples
tested under condition E showed significant presence of phosphorous, whereas all other test
condition samples did not show the presence of phosphorous. Sample E, additionally, showed
oxygenation of the surface, Ti transfer from the wire lead, and decreased Mo at the surface.
The combination of chemical compositions from the above test conditions begin to
replicate that of wear particles reported previously in literature. [39, 41, 52] It is therefore
imperative to systematically compare these novel results with previous studies on failed hip
implants.
Fig 5.2.3 below is taken for comparison from a previous study in which the surrounding
tissue of a failed hip implant was sampled to identify wear particles that had released from the
surface of the implant. The retrieved particles were analyzed for elemental composition.
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Figure 5.2.3: Micrographs of TEM EDS element mapping of three samples of each class of
hip arthroplasty. Column A1-I1, TEM micrographs of 9 samples selected for element mapping.
All samples contain variable amounts of Cr particles (A2-I2), P (A8-I8) and O (A9-I9). A small
number of high electron density particles in the MoM hip resurfacing arthroplasty (HRA) (A3C3) and the MoM large head total hip arthroplasty (LHTHA) (D3-F3) groups, and the particles
in the Non-MoM dual modular neck total hip arthroplasty (DMNTHA) group (G3-I3) contain
Co. High concentration of Mo is present in the Non-MoM DMNTHA group (G4-I4) and barely
detectable in MoM HRA and MoM LHTHA groups. Ti and Vco-exist in the MoM LHTHA
(D5-F5, D6-F6) and the Non-MoM DMNTHA (G5-I5, G6-I6) groups but are not detectable in
the MoM HRA group (A5-C5, A6-C6). Fe is detected in some samples (C7, H7 and I7) and
does not co-localize with other metal particles. P co-exists with O but its concentration is lower
than O.B-Cr, blood Cr ion concentration; B-Co, blood Co ion concentration; Head, femoral
head size; IT, implant time; SD, symptom duration. Scale bars: B1, D1, E1, G1 = 200 nm; A1
= 400 nm; C1, I1 = 700 nm; F1 = 1000 nm. Reprinted from Nanomedicine: Nanotechnology,
Biology and Medicine, 13, Xia et al, Nano-analysis of wear particles from metal-on-metal and
non-metal-on-metal dual modular neck hip arthroplasty, 1205-1217, Copyright (2017), with
permission from Elsevier.[41]
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As illustrated in Fig 5.2.3 [41], the recovered wear particles consisted primarily of Titanium, Iron,
Phosphorous, and Oxygen. An inflammatory particle was identified to potentially be Cr2O3. [39,
41] This indicates that the generation of wear particles result from a fundamental chemical change
of implanted metal. Current studies of crevice and fretting corrosion do not adequately replicate
the significant chemical change seen in implanted devices. [39,52] The elemental mapping of
retrieved wear particles closely matches the results generated by electrical oscillation in Fig 5.2.2,
above. The experimental work done here was able to demonstrate a precipitation of Titanium, Iron,
Phosphorous, and Oxygen as seen in the retrieved particles. The experimental work, however, did
not replicate the precipitation of Vanadium. The chemical composition of the patient’s synovial
fluid is not known, so there is no comparison of Vanadium concentration between the patient and
the FBS used in lab testing.
5.2.2.3 X-Ray Diffraction Classification
In order to elicit information pertaining to any crystallographic structure change, each
sample was further analyzed via X-ray diffraction (XRD). Fig 5.2.4, below, illustrates the XRD
pattern of each corrosion sample.
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Figure 5.2.4: XRD patterns of base alloy and corrosion samples. Sample A: Baseline CoCrMo
alloy. Sample B: CoCrMo alloy placed in simulated synovial fluid (50/50 DI water/FBS) with
no electrical signal. Sample C: CoCrMo alloy in simulated synovial fluid with Vrms=0.67 V
pulsed DC electrical signal. Sample D: CoCrMo Alloy in simulated synovial fluid with 100
MHz Sine wave at 250 mV peak-to-peak amplitude AC electrical signal. Sample E: CoCrMo
alloy in simulated synovial fluid with 250 mV peak-to-peak amplitude random noise AC
electrical signal.
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Sample A, representing the untested CoCrMo alloy, displays a diffraction pattern with
peaks at 2θ equal to 41.3°, 44.1°, 47.1°, 51.0°, and 75.1°. The diffraction pattern is consistent with
prior published work [145,146], identifying the majority of the material as a face centered cubic
(FCC) γ-(Co, Cr, Mo) crystallographic structure indicated by peaks at 2θ equal to 44.1°, 51.0°,
and 75.1°, as labeled in Fig 5.2.4. Lesser peaks at 41.3° and 47.1° indicate a small amount of
hexagonal close pack (HCP), ε-(Co, Cr, Mo), as labeled in Fig 5.2.4. [49, 146-147]
The XRD diffraction pattern for Sample B, shielded from electrical activity within
simulated synovial fluid, shows no change when compared to Sample A. Therefore, it is concluded
that no crystallographic structure change occurred to the metal alloy within the simulated synovial
fluid over the test duration.
Sample C, subjected to pulsed DC electrical signal shows significant variation in XRD
diffraction pattern when compared to all other samples. Sample C maintains the major FCC) γ(Co, Cr, Mo) peak at 44.1° from the original alloy, but all other peaks from the original alloy are
not present. Sample C shows an additional minor peak at 79.3°, labeled with inter-plane spacing
d=1.206 Å, and a broad peak between 2θ ~65° and 2θ ~75°, labeled as *, in Fig 5.2.4. The lack of
the original pattern and creation of a broad, non-descript, peak, labeled as * in Fig 5.2.4, is believed
to be the addition of amorphous material onto the surface of the sample, likely, through EPD and
does not indicate structural change within the sample. Previous literature on the analysis of in-vivo
corrosion products has shown that the original diffraction pattern persists with the potential for
additional new peaks. [39,41] Therefore, on Sample C, EPD is believed to have generated an
amorphous deposition masking the original diffraction pattern. The inconstancies between the
diffraction pattern of Sample C and previous analysis of corrosion products indicates that EPD is
most likely not the cause of corrosion on implanted CoCrMo.
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However, if a pure oscillatory electric field is established on samples within simulated
synovial fluid, such as with Samples D and E, a clear modification of the original crystallographic
structure without the addition of amorphous surface material is evident. Sample D, subjected to a
100 MHz sine wave, and Sample E, subjected to random AC noise, both show the original
diffraction pattern of Sample A, peaks at 2θ equal to 41.3°, 44.1°, 47.1°, 51.0°, and 75.1°, with the
addition of a substantial peak at 79.3°, with inter-plane spacing d=1.206Å. Therefore, the majority
of the sample is maintained as FCC γ-(Co, Cr, Mo) with a small amount of HCP ε-(Co, Cr, Mo),
as labeled in Fig 5.2.5. The additional peak at 2θ=79.3° with inter-plane spacing d=1.206Å, in
conjunction with EDS data given in Fig 5.2.3, is believed to be a crystalline product containing
Cr, O, and/or P.
This is the first documented tribocorrosive experimental study that has been able to begin
to replicate the elemental precipitants on the implant surface without subjecting the metal to
mechanical wear. It is hypothesized that the chemical composition of the deposited particulate for
the in vitro testing may be tuned in future work via manipulation of the frequency and magnitude
of the electrical oscillation to exactly match that of the recovered particles. Therefore, this newly
identified electrochemical corrosion mechanism is expected to initiate what has been considered
the tribocorrosive decay seen in implanted devices.
5.2.2.4 Electrochemical Impedance Spectroscopy Characterization
In order to identify, understand, and potentially predict this electrochemical corrosion
mechanism more holistically, the electrochemical behavior change over time is investigated.
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Figure 5.2.5: Micrographs of EIS analysis after 10 days of testing within the simulated
synovial fluid test bed compared to the baseline scan on the first day of testing. Sample B:
CoCrMo alloy placed in simulated synovial fluid (50/50 DI water/FBS) with no electrical
signal. Sample D: CoCrMo Alloy in simulated synovial fluid with 100 MHz Sine wave at 250
mV peak-to-peak amplitude AC electrical signal. Sample E: CoCrMo alloy in simulated
synovial fluid with 250 mV peak-to-peak amplitude random noise AC electrical signal.

The electrochemical behavior of specimens B, D, and E is characterized by the EIS
frequency sweep test shown above in Fig. 5.2.5. Sample C was not characterized by EIS analysis
due to machine limitations in conjunction with the pulsed DC signal. The curve labeled ‘Baseline
Test Start’ indicates the electrochemical behavior of all samples prior to testing when first placed
into the simulated synovial fluid. The curve labeled as ‘Sample B’ is the same as in previous figures
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and is present to act as a control for the experiment. Sample B is allowed to sit within the test fluid,
but is not subjected to any forced electrical oscillations, therefore, any changes seen in Sample B
may be thought of as baseline changes. As the Sample B concludes testing, there is a clear increase
in the imaginary impedance, or reactance of specimen, Fig. 5.2.5a, with a minor increase in overall
impedance magnitude, Fig. 5.2.5b, and phase shift at low frequency (<100 Hz), Fig. 5.2.5c. This
minor shift is not to be unexpected as the simulated synovial fluid ages, and galvanic interaction
occurs between the metal and the fluid. However, above 100 Hz there is no significant deviation
from the baseline data collected at the start of the test. Reviewing the electrochemical behavior of
Samples D and E against Sample B and the test initiation data indicates significant deviation from
the control and baseline above ~10 Hz. Samples D and E showed significantly lower magnitude
of total impedance at high frequency, Fig. 5.2.5b. Total impedance magnitude of Sample D was
nearly ½ of an order of magnitude smaller than the control sample, indicating significant potential
for high frequency electrochemical reactions. Although Sample E closely followed the changes
seen in Sample D, but to a lesser extent at high frequencies, the low frequency behavior of Sample
E was markedly different from any other trend. Sample E showed the greatest amount of reactance,
Fig. 5.2.5a, at low frequency, potentially indicating the possibility of increased capacitance like
behavior. Each signal therefore elicits a separate, complex electrochemical behavior. This is the
first documentation of this phenomenon within a simulated hip environment to the knowledge of
the author and requires significant study to develop a complete description and predication of the
electrochemical response resulting from varying electrical signals on an implanted metal.
5.2.2.5 Scanning Electron Microscopy Results
The electrical oscillation induced at the implant’s surface, as represented by Sample D and
E, incites active electrochemical reactions within the surrounding synovial fluid, generating
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surface modification through ion exchange and deposition growth. The type of surface
modification is classified as direct corrosive/dissolution of the base material and as deposition
growth, resulting in the development of wear particles. The distinction is pictorially described in
the high magnification SEM images of Sample E given in Fig. 5.2.6 below.
Figure 5.2.6: Comparison of surface modification types on Sample E under high magnification
SEM imaging. Left: Direct corrosion/dissolution. Right: Deposition growth.

Direct Corrosion/Dissolution

Deposition Growth

The direct corrosion/dissolution shown on the left of Fig. 5.2.6 is categorized by the
formation of pits on the metal’s surface. This indicates that the metal has begun to directly dissolve
into the synovial solution, causing direct degradation to the implant. This is in contrast to the
deposition growth surface modification, shown on the right of Fig. 5.2.6, in which solids
precipitate out of solution and bond to the surface of the metal. The crystalline structure of the
surface growth is then scraped from the implant’s surface when subjected to mechanical wear
during natural patient movement. The free crystalline structure then becomes imbedded within the
surrounding tissue causing inflammation, pain, and leading to potential tissue necrosis. The
corrosion then proceeds in a cyclic pattern until the implant must be revised or removed and
replaced.
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Additionally, the EIS characterization indicates the potential for increased electrochemical
activity as the metal ages within the implanted environment. The decrease in the total magnitude
of impedance at high frequency indicates the potential for a self-accelerating corrosive mode. It is
therefore expected that this phenomenon may cause the unexpected rapid corrosion of hip implants
after years of seemingly stable operation within the patient. [37-39, 99, 130]
5.2.3 Discussion of Broader Relevance
This discovery rejects the traditional approach to metal corrosion within human subjects.
Electrochemical surface reactions are active prior to mechanical wear mechanisms, indicating that
the electrochemical activity on the implant is a primary cause of breakdown and not a secondary
or tertiary result of prior wear. Therefore, this electrochemical corrosion works in cooperation with
fretting/crevice type corrosion for the complete breakdown of the implanted hip.
The exact electrical signal capable of replicating the complete chemical corrosion of
implanted CoCrMo hip prosthetics must continue to be actively investigated. The work described
here is the first viability study into the potential for natural electrical oscillations, developing on
the prosthetic, to act as an incipient mechanism of corrosion. Significant further study is required
to fully understand this phenomenon and its interdependencies on previously investigated
fretting/crevice corrosion.
Although CoCrMo ASTM F1537 corrosion has been the focus of corrosion within the
orthopedic industry, this phenomenon is expected to potentially be present in any implant
containing metal. This particular corrosion was identified through hip replacement implants
because of the immense number of hip replacement surgeries per year (~300,000/yr), and the
reported patient pain in the surrounding tissue as the hip degrades. [91,92] However, the increasing
commonality of joint replacement surgeries, medical implants, and implantable biosensors
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combined with an increase in ambient electromagnetic activity of a technologically advanced
society could result in significant unknown, adverse human health effects as metals corrode
unexpectedly in the body. [148]
Modern developments in biosensing have allowed for increased implementation of
precision medicine practices. [149,150] Precision medicine uses precise, directed action to treat
and prevent patient morbidities with minimal medication and invasion beyond the target area, and
is the underlying goal of many modern and future treatment methods. However, such targeted
action requires significant knowledge and data for the particular morbidity and effected tissue. One
of the most notable and common implementations of precision medicine, currently, is in the
treatment of diabetes. [151-154] Continuously monitoring glucose systems provide real time data
of blood glucose levels for actionable response of insulin injection. Predictive algorithms can
anticipate glucose level peaks and troughs for the individual user, decreasing the required amount
of total medication used. These systems rely on an implanted biosensor that can simultaneously
sense glucose level and transmit the data to a handheld receiver. [153] The transmitter is typically
a metal-based electrode manufactured from similar biocompatible alloys, as those within joint
replacements mentioned previously. [93, 150] These sensors are typically changed every 30-90
days because of a thickened cell encapsulation layer of fibroblasts, fibrocytes, and collagen cells
formed by the body’s immunologic responses around the sensing probe that hinders accuracy.
[152] The potential corrosion of these electrodes is not discussed because of the short, implanted
life and lack of mechanical wear on the sensor. However, this work indicates that the presence of
electrical activity generated by the sensor itself or from the ambient environment [155] could result
in significant electrode corrosion and dissolution of metal into the body during the implanted life.
Continual replacement and increased use of biosensors could lead to increased concern of metal
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toxicity within patients. The active electrochemical corrosion presented here could be considered
in the future design of implanted devices and sensors.

5.3 Investigation on the dependency of CoCrMo Corrosion Product
Formation on Electrical Signal Form
The results reported in Chapter 5, Section 5.3 is based upon work published in Nature
Scientific Reports. [13]
5.3.1 Materials and Experimental Methods
The 1” diameter round stock was crosscut with a diamond cut-off blade which resulted in
a 4.5 mm thick disc. The disc was further cut into quadrants with each quadrant receiving a 2.5
mm hole for wire attachment in the future. The samples were then wet sanded to remove any
surface imperfections with a Buehler Metaserv 250 grinder/polisher and P400 grit silicon carbide
wet polishing paper. P400 grit was chosen to represent surface finish of the prosthetic implant at
the modular neck junction. This finish is indicative of the femoral neck junction present on
implants, such as the StrykerTM Accolade system. [50,156] The samples were sanded down to 3.5
mm in thickness to ensure the removal of any cutting marks. The curved face of the samples was
further polished with P2500 grit silicon carbide wet polishing paper to develop a high sheen which
mimics the polished surfaces of a hip prosthetics found adjacent to the femoral junction. Samples
were prepared in this manner to mimic the variety of surface finishes and their proximity to one
another in a commercially available prosthetics. The type of surface finish may alter the
propagation of electromagnetic activity within the sample and simulated fluid; thus, much care
was taken to accurately replicate surface finishes.
Each sample was then wired with a medical grade one titanium wire lead, representing the
titanium hardware used in the installation of prosthetic hips The 16 g wire was attached through
the hole in each sample specimen. The chemical composition of the titanium wire used is shown
in Table 5.2.2.
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Although titanium alloys are often preferred in the orthopedic industry, commercially pure
titanium was selected for use as the electrical conductor in this study. Commercially pure titanium
is reported to exhibit equal, or potentially greater resistance to corrosion than its alloys. [159-160]
Moreover, the enhanced mechanical properties obtained by alloying titanium were not required for
this study.
Two of the prepared samples were each placed into a sterilized Pyrex petri dish and
subsequently submerged in 100 mL of simulated synovial fluid. Each wire lead exited the side of
the petri dish under the lid. The samples were positioned such that they were 1 mm apart within
the simulated synovial fluid test solution. The simulated synovial fluid was a 1:1 (by volume)
mixture of bovine serum (BS), purchased from Millipore SigmaTM (Prod No. 12306C), and DI
water. Bovine serum and deionized water have been previously utilized in published studies as an
adequate surrogate of synovial fluid. [47-48, 51-53, 98, 103, 161-163] The exact chemical
composition of the BS is unknown, but it is known to contain ≤ 10.00 EU/ml of endotoxin, 3.04.5 g/dL total protein, ≤ 25 mg% hemoglobin, and to have a PH of 6.8-8.1. BS is a complex mixture
of salts, proteins, and lipids. Any elements identified during testing which are not reported in the
metal samples or in the preparation of samples, is assumed to be a result of the BS.
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Table 5.3.1: Typical components found in BS. Averages and range estimates of concentrations
given when available. *Note that the exact composition of BS is unknown, the above table
provides only estimates of concentrations and constituents. [164,165]
Chemical Species

Average

Range

Chemical Species

Protein (mg/ml)
Albumin (mg/ml)

38
23

32-70
20-36

Interleukins
Interferons

Hemoglobin
(μg/ml)
α1- Antitrypsin

113

24-181

Free and Protein-bound Fatty Acids

Average

Range

310

120-630

90

10-350

Triglycerides

α2-Macroglobulin

Phospholipids

Transferrin

Cholesterol (μg/ml)

Transcortin

Ethanolamine

α1-Lipoprotein

Phosphatidylethanolamine

β1-Lipoprotein

Retinol/Retinoic Acid (Vitamin A)
(ng/ml)
Thiamine

Fibronectin
Laminin
Serum Spreading
Factor
Lactate
Dehydrogenase
Alkaline
Phosphatase
γ-Glutamyl

Riboflavin
Pyridoxine/Pyridoxalphosphate

Transferase

Panthotenic Acid

Alanine

Biotin

Cobalamin
Folic Acid
Niacinamide/Nicotinic Acid

Insulin (μU/ml)

10

6-14

Ascorbic Acid (Vitamin C)

Cortisol (ng/ml)

0.5

0.1-23

α-Tocopherol (Vitamin E) (ng/ml)

1.1

1-4.2

Glucose (mg/ml)

1.25

0.85-1.81

1.22

0.2-4.5

Galactose

1.72

0.0856.18
18.7-51.6

Fructose

160

140-200

31

16-43

4

3-11

Vasopressin
Thyroid Hormones
(ng/ml)
Parathyroid
Hormone (ng/ml)
Growth Hormone
(ng/ml)
Pituitary
Glandotropic
Factors
Prostaglandin E
(ng/ml)
Prostaglandin F
(ng/ml)
Epidermal Growth
Factor
Fibroblast Growth
Factor
Nerve Growth
Factor
Endothelial Cell
Growth Factor
Platelet-derived
Growth Factor

39.0

Mannose
Ribose

5.9

0.5-30.5

Glycolytic Metabolites

12.3

3.8-42.0

Urea (μg/ml)
Purines/Pyrimidines
Polyamines
Creatinine (μg/ml)
Amino Acids
Bilirubin (μg/ml)
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Corrosion Testing Procedure
The samples subjected to electrical activity were connected to a RigolTM DG2000
frequency

generator

with

16-bit

resolution,

connected

to

an

AmetekTM

power

conditioner/stabilizer, for simulated electrical oscillation. A bacteria culture of the simulated
synovial fluid was taken at the start and end of corrosion testing for each test specimen. The
bacteria culture was used to identify any bacterial contamination of test results. No fluid sample
exhibited bacterial growth at the start or end of testing. The test specimens were then placed into
a faraday cage, with a 0.006 in copper mesh weave and signal barriers between the test specimens,
within an electrically shielded incubation oven at 37 °C for 90 days. For each test condition, two
samples were subjected to electrical oscillations and two baseline sample was shielded from
electrical oscillation. Therefore, each test condition resulted in two samples which ensures
repeatability, as well as two baseline samples. A schematic of the experimental setup may be seen
below.
Figure 5.4.1: Schematic of two probe corrosion experimental setup
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Test Conditions
Three test conditions were investigated for electrochemically driven corrosion of implanted
CoCrMo. Test condition A represents the baseline for corrosion samples shielded from any
electrical activity during the duration of the test. The samples under test condition B were subjected
to a 50 MHz sine wave with a peak-to-peak potential (Vpp) of 200 mVpp, centered at 0 V. The
samples under test condition C were subjected to a 25 MHz square wave at 200 mVpp, centered
at 0 V. Samples of all test conditions were placed within the same batch of simulated synovial
fluid. The voltage magnitude was selected in accordance to previously published literature for
recorded interference in nerve conduction studies, skin electrode data, and experimental work on
biological effects of external electric fields. [135-138, 144] The frequency range was selected to
replicate the oscillations that could develop on implanted metal from the highly active
communications spectrum. [104, 166-169] Condition B represents a single frequency response,
whereas condition C was selected to illustrate corrosion behavior under excitement of multiple
frequency harmonics, not present in condition B. The operating conditions are summarized in the
following table.
Table 5.3.2: Operating variables and test conditions
Test Condition
Condition A
Condition B
Condition C
Number of Samples Tested
2
2
2
1:1 Ratio by volume of Millipore SigmaTM BS
Corrosion Fluid
12306C and DI-Water
Electrical Oscillation Frequency
50 MHz
25 MHz
No Electrical
Wave Shape
Sinusoidal
Square
Activity
DC Offset
0
0
Sourced
AC Oscillation Amplitude
200 mVpp
200 mVpp

All samples from conditions A, B, and C will henceforth, within Section 5.3, be referred
to simply as Sample A, B, and C, respectively. The results shown are indicative of all samples
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tested at each condition. Therefore, the results shown are repeatable for each testing condition and
represented below in a concise and succinct manner.
Electrochemical Impedance Spectroscopy Testing
During the duration of the lab testing, the samples subjected to electrical oscillations were
connected to a SolartronTM 1287/1260 EIS suite. An EIS response frequency sweep, at 10 mV
amplitude, was performed, using ZplotTM, on each specimen from 1.5x106 Hz to 5.0x10-2 Hz at 10
mV, to characterize the electrochemical properties of each specimen. The EIS frequency sweep
tests were performed in the original test simulated synovial fluid and in fresh simulated synovial
fluid at the conclusion of the test. In addition, cyclic voltammetry, at a sweep rate of 100 mV/sec
from ̶ 0.8 V to 1.4 V, was performed on all samples in new simulated synovial fluid with the
conclusion of testing using CorrwareTM software in conjunction with the SolartronTM EIS suite.
All test equipment was powered through an AmetekTM power conditioner/stabilizer to prevent
electrical building noise from interfering with the test samples. For all EIS experiments, a 2-probe
method was utilized to prevent contamination of the simulated synovial fluid testing medium.
Utilization of the 2-probe method allowed for each metal sample to act as an electrode without
introducing any other material into the simulated synovial fluid. As such, no tertiary reference
probe was utilized. The EIS measurements utilized an ideally symmetric cell, and therefore a
reference of 0 V was utilized as the center point of measurements.
Scanning Electron Microscopy Procedure
At the conclusion of each test, the samples were removed from the testing solution and
rinsed with DI water. The samples were then gently wiped clean with KimwipesTM to remove any
loose material. Following this, the samples were rinsed again with DI water, dried, and bagged for
analysis. Samples were rinsed in DI water, instead of a more caustic cleaning agent, to prevent the
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disruption of the organic film on the metals surface. It was believed that analysis with the organic
film intact may indicate potential reaction mechanism found within an in vivo setting. [44, 45, 170]
Although, there may be risk of bacterial contamination when clearing the samples with DI water,
no bacterial culture indicated contamination. The samples then underwent visual inspection under
the SEM as well as an EDS analysis. The SEM used was a JEOLTM JSM-IT100, as before.
X-ray Diffraction Analysis Procedure
After SEM analysis the samples were further analyzed via XRD with a BrukerTM D2 Phaser
XRD system.
Laser Ablation Inductively Coupled Mass Spectroscopy Analysis Procedure
Furthermore, 5 ml of each test solution was placed onto a glass slide and allowed to dry. A
TeledyneTM CETAC Analyte Excite Excimer Laser Ablation System was then used to analyze each
dried solution sample for Cr Isotopes 50-54, CoIsotope 59, and MoIsotopes 92-100. A background for each
signal was calculated using 26 separate measurements for each sample. Next, each signal was
recorded and averaged using 330 separate measurements for each sample. The background was
then subtracted from the signal to give the relative counts per second of each isotope. Standard
error was calculated for each signal.
5.3.2 Results and Discussion
5.3.2.1 Scanning Electron Microscopy Results
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Figure 5.3.2: Scanning electron microscope (SEM) secondary electron detector (SED) image
of test samples.

Sample A, SED-SEM image of Sample A at x1,500 magnification. Sample A represents the
baseline sample, shielded from electromagnetic radiation and electrical oscillation, held in
simulated synovial fluid (50/50% by weight deionized water and Millipore Sigma Fetal Bovine
Serum). Sample A illustrates only minor surface change from the original polished surface.
Sample B, SED-SEM image of Sample B at x2,000 magnification. Sample B represents a
corrosion sample subjected to a 50 MHz sine wave at 200 mVpp held in simulated synovial
fluid. Sample B shows significant surface modification, marked by patterned oblong
crystalline-type surface growth. Sample C, SED-SEM image of Sample C at x1,900
magnification. Sample C represents a corrosion sample subjected to a 25 MHz square wave at
200 mVpp held in simulated synovial fluid. The surface shows significant surface modification,
marked by random crystalline type deposition.

Analysis via SEM illustrates significant surface modification on all samples subjected to
electrical oscillation, Samples B and C, and only minor surface modification on samples shielded
from electrical activity, Sample A. Sample A maintains the base metal alloy with surface striations
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developed during polishing. The surface shows slight addition of dark, non-distinct spotting as
seen in Fig. 5.3.2A. Sample B, subjected to a 50 MHz sine wave, exhibits significant surface
deposition resulting from the interaction of the metal’s surface with simulated synovial fluid. In
Fig. 5.3.2B, the polishing striations are clearly diminished in comparison to Sample A. The surface
has developed well-defined oblong-like structures on the order of ~5 µm across the surface; the
depositions appear to largely align with the remaining polishing striations. These depositions,
though similar in shape to bacterial, are believed to be the result of the electrical activity. No
bacterial culture showed contamination throughout testing. All samples of test Condition A display
similar growths. Additionally, the surface growths contain significant amounts Cr, as seen in Fig.
3B.
Although Sample C (Fig. 5.3.2C) also exhibits significant surface modification, the type
of surface modification is markedly different from that depicted by Sample B. The additional
frequency harmonics within the square wave significantly modified the type of surface/fluid
interaction. Sample C shows indiscriminate surface deposition with variability in size, shape, and
orientation. In addition, Sample C shows the most widespread, general surface deposition. As such,
the striations from polishing are nearly indistinguishable.
5.3.2.2 Energy Dispersive X-Ray Spectroscopy Analysis
The surface deposition identified in Fig. 5.3.2 was further analyzed for elemental
composition via energy dispersive x-ray spectroscopy is shown in Fig. 5.3.3.
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Figure 5.3.3: EDS analysis and back scatter electron composite images.

Grayscale mapping of surface elemental compositions with back scatter images shown in the
first row. Darker shades represent lower concentrations of the specified element, whereas
lighter shades indicate higher concentrations of the specified element. Sample A, shielded from
electrical activity, shows little elemental change from the base alloy. Sample A contains Co,
Cr, Mo, C and traces of Si. Sample B, subjected to a 50 MHz, 200 mVpp sine wave, shows
significant surface modification. Sample B contains Co, Cr, Mo, C, O, P, and Ca. Sample C,
subjected to a 25 MHz, 200 mVpp square wave, shows the greatest variation in elemental
composition. Sample C contains Co, Cr, Mo, C, O, P, Ca, N, Na, Cl, and S.
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The samples shielded from electrical activity, Sample A, appears to be predominately
composed of the base CoCrMo alloy, consistent with the manufacturing standard provided in the
Method Section. The darkened areas highlighted in Fig. 5.3.2 are identified as C deposits arising
from the simulated synovial fluid. The micrographs of Sample B illustrate a distinct pattern of
elemental composition present in the surface deposition growths. The area void of surface
deposition is the base CoCrMo alloy. However, within the surface deposition, there are significant
amounts of Cr, C, O, P, and Ca. The clear pattern presents within the Cr micrograph, matching
that of C, O, P, and Ca, indicates that Cr is releasing from the base metal and interacting with the
simulated synovial fluid to form the surface particles. The incorporation of additional frequency
harmonics, in Sample C, introduced a higher degree of complexity to the surface deposition.
Sample C contains N, Na, and Cl, in addition to C, O, P, Ca, Cr, Co, and Mo. Surface deposition
on Sample C shows mixed composition. The large growth on the right of Sample C’s micrographs
in Fig. 5.3.3 shows a clear combination of Cr, C and O, with trace amounts of N, whereas other
surface growths contain Cr and O, without C. Therefore, Sample C is characterized as a general
surface deposition in comparison to Samples A and B. In Sample C, the entirety of the surface
illustrates an elemental composition change. In comparison, the surfaces of Samples A and B
contain only base metal elements outside of the surface growths.
Further, semi-quantitative EDS analysis was completed to identify relative abundance of
elements beyond basic greyscale mapping. The spectrums and results of the semi-quantitative
EDS are given in Fig. 5.3.4.
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Figure 5.3.4: Energy spectrum images and semi- quantitative elemental analysis table from
EDS.
Sample A

Sample B

Sample C

Semi-Quantitative Element Composition

Elemental spectrum and semi-quantitative analysis arising from EDS analysis. Sample A,
shielded from electrical activity, shows little elemental change from the base alloy. Sample B,
subjected to a 50 MHz, 200 mVpp sine wave, shows significant surface modification. Sample
C, subjected to a 25 MHz, 200 mVpp square wave, shows the greatest variation in elemental
composition. Semi-Quantitative Element Composition table shows the mass percentage and
atom percentage composition of each element arising from the energy spectrum. *Note:
quantitative EDS may not be accurate for light elements such as C and O, therefore it is labeled
as semi-quantitative.
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The semi-quantitative EDS spectrum of Sample A nearly matches that of the base CoCrMo
alloy. As shown in Fig. 5.3.4, Sample A consists of ~68 wt% Co, ~25 wt% Cr, ~4 wt% Mo, 0.37
wt% Si, with only ~2 wt% additional C from the synovial fluid. Samples B and C, in stark contrast
to Sample A, show that the majority of the surface has been altered into corrosion products. Sample
B shows ~11 wt% C, ~16 wt% O, ~8 wt% P, and ~14 wt% Ca resulting from the interaction with
simulated synovial fluid. The spectrum of Sample B is consistent with previously published
retrieval studies of in vivo corrosion species.[39-41, 99, 171-172] Urban et al. reported the analysis
of retrieved wear particles consisted primarily of chromium oxides and chromium phosphates,
with varying degrees of Ca and Co present.[105] This 1994 finding was further substantiated by
Hart et al.[106] in 2010, Xia et al.[41], Oskouei et al.[39] in 2017, and Eltit et al.[99] in 2019, in
which all report significant findings of chromium oxides and chromium phosphates in the
secondary wear particles of implanted CoCrMo.
The addition of N, Na, and Cl across the surface of Sample C is non-negligible (elemental
detection of greater than 1 wt%). Therefore, the results from EDS indicate the potential for multiple
corrosion responses: 1. the formation of distinct, uniform crystalline deposition which could, when
subjected to mechanical wear, form secondary wear particles, as seen in Sample B; and 2.
generalized modification of the surface chemical composition.
5.3.2.3 X-Ray Diffraction Classification
In order to identify the crystallographic structure present in the surface deposits and
underlying metal alloy, the samples were investigated with XRD, shown in Fig. 5.3.5.
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Figure 5.3.5: XRD analysis of test samples.

Base Alloy, representing an untested sample, displays a diffraction pattern with peaks at 2θ
equal to 41.3°, 44.1°, 47.1°, 51.0°, and 75.1°. Sample A, shielded from electrical activity,
displays a diffraction pattern with peaks at 2θ equal to 41.3°, 44.1°, 47.1°, 51.0°, and 75.1°.
Sample B, subjected to 50 MHz 200 mVpp sine wave, displays a diffraction pattern with peaks
at 2θ equal to 41.3°, 44.1°, 47.1°, 51.0°, 75.1°, 79.3°, and a broad peak between ~69°-71°.
Sample C, subjected to 25 MHz 200 mVpp square wave, displays a diffraction pattern with
peaks at 2θ equal to 41.3°, 44.1°, 47.1°, 51.0°, 75.1°, 79.3°, and a large, broad peak between
~69°-78°.
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The spectrum labeled Base Alloy, representing an untested sample of ASTM F1537
CoCrMo alloy, displays a diffraction pattern with peaks at 2θ equal to 41.3°, 44.1°, 47.1°, 51.0°,
and 75.1°. The diffraction pattern is consistent with prior published work [165], identifying the
material as FCC γ-(Co, Cr, Mo) (with major peaks at 44.1° and 51.0°), and HCP ε-(Co, Cr, Mo)
(with lesser peaks at 41.3° and 47.1°), labeled in Fig 5.3.5.[49, 168, 173]
The XRD diffraction pattern for Sample A, shielded from electrical activity within
simulated synovial fluid, shows no significant change when compared to the base alloy. Therefore,
it is concluded that no crystallographic structure change occurred in the metal alloy within the
simulated synovial fluid over the three-month test duration when shielded from electrical activity.
Investigation of samples under oscillatory electrical fields, Samples B and C, indicate a significant
departure from the original diffraction pattern. Consistent with in-vivo corrosion product analysis
from retrieval studies, the samples show the original diffraction pattern with the creation of
additional peaks. [39, 41] Both Samples B and C display the original diffraction pattern with the
creation of a broad peak, labeled as *, beginning at 2θ ~ 69° followed by a narrow peak at 2θ =
79.3°, labeled with interplane spacing d = 1.206A. The crystallographic change is believed to result
from a combination of amorphous deposition, represented by the broad peak labeled as *, as well
as the creation of crystalline corrosion products and/or oxidation state change within the metal
sample, represented by the creation of the peak at 2θ = 79.3°, d = 1.206A. The broad peak
beginning at 2θ ~ 69° is substantially larger in magnitude and breadth in Sample C, when compared
to Sample B. This finding is consistent with a primarily amorphous surface deposition theorized
in the above EDS analysis. However, Sample C does display crystalline deposition or crystalline
surface modification indicated by the addition of a sharp peak at d = 1.206A. Conversely, in
Sample B, the amorphous peak is substantially lower in magnitude. This, in conjunction with a
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strong sharp peak at an interplane spacing of d = 1.206A, suggests only minor amorphous surface
deposition, yet significant interaction of the crystalline structure of the sample with the test solution
and/or suggests that the surface deposits are crystalline in nature. This could indicate the potential
for a greater release of metal ions into solution of simulated synovial fluid, which is investigated
in Fig. 5.3.6.d.

5.3.2.4 Electrochemical Impedance Spectroscopy Characterization in Corrosion
Environment
In order to identify, understand, and potentially predict this electrochemical corrosion
mechanism more holistically, the electrochemical behavior change and metal ion release over the
test duration was investigated, as shown in Fig. 5.3.6.
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Figure 5.3.6: Area normalized Electrochemical impedance spectroscopy (EIS) analysis and
relative metal ion concentration in the simulated synovial fluid at test completion.
a

c

b
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EIS analysis of the corroded samples in original test simulated synovial fluid. The uncorroded
sample represents a freshly prepared, non-corroded test specimen. Sample A was shielded from
electrical activity, Sample B was subjected to a 50 MHz, 200 mVpp sine wave, and Sample C
was subjected to a 25 MHz, 200 mVpp square wave. a, Comparison of positive real impedance
(x-axis) and negative imaginary impedance (y-axis). b, Total magnitude of impedance (y-axis)
is plotted against frequency (x-axis). c, Phase angle (y-axis) is plotted against frequency (xaxis). d, Base metal ion concentration intensity in the simulated synovial fluid after testing
from laser ablation inductively coupled plasma mass spectroscopy (LAICPMS).
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The most notable change seen in Fig. 5.3.6 is the decrease in total impedance from baseline
for all test samples, shown in Fig. 5.3.6.b, at frequencies above 102 Hz and the divergent behavior
in phase angle above 105 Hz for Samples B and C. Sample C displays moderately greater capacitive
behavior, as seen in Fig 5.3.6.a and 5.3.6.c, when compared to the other samples. These
characteristics are believed to result from the interaction of dissolved metal ions released into
solution and the corrosion products identified on the surface of the material. Therefore, the
simulated synovial fluid used during testing was analyzed for Cr, Co, and Mo content for each test
condition via LAICPMS. Prior to testing the simulated synovial fluid did not contain Cr, Co, or
Mo. All three test conditions displayed metal ion release into solution, which is consistent with the
decrease in overall impedance for all samples at high frequency. However, Sample B shows
disproportionately higher concentrations of Co. Therefore, it is theorized that during the growth of
Cr, C, O, Ca, P crystals on Sample B, Cr is removed from the base metal and drawn into the surface
crystal. The removal of Cr from the base metal destabilizes Co within the metal lattice, allowing
it to more readily release into the simulated synovial fluid. The elevated levels of Co within the
fluid are consistent with reported patient data where prosthetic failures have occurred.62 In
comparison, Sample C displays the lowest overall metal ion release into solution. In conjunction
with the previous EDS and XRD analysis, it appears as though Sample C is simply attracting
material to the surface without releasing metal ions into solution, thus supporting the previous
hypothesis of generalized surface deposition.
5.3.2.5 Electrochemical Impedance Spectroscopy Characterization in Fresh Fluid
Environment
The samples were placed into fresh simulated synovial fluid to characterize the
electrochemical behavior response without the presence of leached metal ions, Fig. 5.3.7.
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Figure 5.3.7: Area normalized EIS analysis and cyclic voltammetry analysis of corroded
samples in fresh simulated synovial fluid.

EIS analysis of the corroded samples in freshly prepared simulated synovial fluid. The
uncorroded sample represents a freshly prepared, non-corroded test specimen. Sample A was
shielded from electrical activity, Sample B was subjected to a 50 MHz, 200 mVpp sine wave,
and Sample C was subjected to a 25 MHz, 200 mVpp square wave. a, Comparison of positive
real impedance (x-axis) and negative imaginary impedance (y-axis). b, Total magnitude of
impedance (y-axis) is plotted against frequency (x-axis). c, Phase angle (y-axis) is plotted
against frequency (x-axis). d, Cyclic voltammetry analysis of samples at 100 mv/sec sweep.
All samples show increased overall impedance and increased real impedance, Fig. 5.3.7.b,
consistent with the addition of corrosion products and surface passivation from time spent in
solution. [44, 49, 103] All samples show increased inductive/resistive behavior at low frequencies,
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as indicated by the phase angle shift toward 0 (Fig. 5.3.7.b and Fig. 5.3.7.c). Samples A and B
show similar impedance behavior and Sample C shows significant deviation from all corroded and
uncorroded samples. Each sample was then tested via cyclic voltammetry (CV) to demonstrate the
current response of the active reduction/oxidation system. All samples display a decrease in the
magnitude of the current response to the applied voltage, when compared to a freshly prepared
sample. Sample A and C display similar responses of current, whereas Sample B displays the
greatest magnitude of induced current for all reductive and oxidative reactions.
Introduction of the metal sample into the electrolytic simulated synovial fluid creates a
natural galvanic response where the reactivity of the metal is passivated by the release of surface
ions and the thickening of a carbonaceous and/or naturally occurring oxide layer.[45, 46, 174]
CoCrMo has previously been reported to decrease electrochemical galvanic activity overtime in
an in vitro setting.[45, 174, 175] This natural response is clearly evident in the behavior and
characterization of Sample A. Sample A released the expected metal ions into solution, displayed
decreased activity on CV, and showed only minor surface modification. The introduction of
electrical oscillation, however, greatly altered the behavior and characterization of the test samples.
Sample B, subjected to a 50 MHz sine wave, displays significantly higher conductivity
during the CV testing, Fig. 5.3.7.d, and at low frequencies during the impedance sweep, Fig
5.3.7.b. Sample B resembles Sample A in terms of capacitive behavior and phase angle behavior,
Fig. 5.3.7.a, 5.3.7.c. However, Sample B shows decreased total impedance, Fig. 5.3.7.b, 5.3.7.d.
The well-defined crystals that have developed on the surface of Sample B significantly increase
the overall surface area of the sample, without blocking the base the metal from reacting with the
fluid. The disproportionately high concentration of Co within the serum, Fig. 5.3.6.d, in
conjunction with the overall increased conductivity in CV, Fig. 5.3.7.d, indicate that electrical
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excitation induced on Sample B is capable of preventing the formation of a passivated layer,
simultaneously encouraging the growth of Cr, C, O, Ca, P crystals. This result represents an area
not currently addressed in conventional theory. No mechanical wear has been required to remove
a passivated layer, yet Sample B shows increased electrochemical activity.
Sample C, subjected to a 25 MHz square wave, represents a distinct departure from
anticipated trends. The phase angle response, Fig. 5.3.7.c, is drastically different across the
frequency spectrum. Sample C shows greater inductive characteristics below 100 Hz and greater
capacitive like characteristics above 100 Hz. Samples show greater real impendent behavior at low
frequency and decreased total impedance at high frequency, Fig. 5.3.7.a and 5.3.7.b, yet Sample
C shows marginally higher conductivity in CV testing, when compared to Sample A. The variation
in electrochemical behavior is believed to result from the complex surface topography and
chemical composition identified previously. The unique surface deposition shown on Sample C
results in a dynamic, frequency dependent, electrochemical response. The widespread, generalized
surface deposition acts to decrease, or partially block electrochemical activity, while the creation
of many small surface crystals within the surface deposition acts to simultaneously increase surface
area.
In order to better quantify the changes illustrated in the EIS analysis, an equivalent circuit
model was developed and applied to the system within the original test fluid as well as freshly
prepared simulated synovial fluid. The equivalent circuit model is shown in Fig 5.3.8, below. The
equivalent circuit model relies on a modified Randle’s type circuit, utilizing Constant Phase
Elements (CPE) in place of the capacitor and Warburg diffusion element, for the corrosion of metal
alloys. As shown in Fig 5.3.8.a, the model is constructed from the metal alloy (right) toward the
solution (left). The model assumes a CPE in parallel with a resistor, representing the passivated
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oxide layer of the CoCrMo alloy. This is then connected in series with a similar modified Randle’s
circuit to represent an absorption/outer layer of the metal’s surface. This is then connected in series
to a resistor, representing the resistance of the surrounding solution and interaction resistance
between the absorption layer and the surrounding solution. [162, 176] The model parameters were
fit using ZviewTM with all variables set to be free and positive. Therefore, the goodness of fit test,
χ2, is based on (n-1) = 6 degrees of freedom, DOF, as each resistor has one DOF and each CPE
has 2 DOF’s. For 6 DOF’s a χ2 value of < 0.676 provides a confidence level of 99.5 %. As
illustrated in Table 5.3.3, all models have high goodness of fit. All χ2 values are < 0.002. Fig 5.3.8
b,c,d are provided as an example of the model’s fit to the experimental data. Fig 5.3.8 b,c,d
illustrate the model fit to Sample A in freshly prepared synovial fluid. Only one model is illustrated
to prevent redundancy, yet all models illustrate similar fit.
Table 5.3.3 is to be interpreted along with Fig 5.3.8. Table 5.3.3 represents the model fit
parameters as well as the calculated capacitance for each CPE. Capacitance calculations were
evaluated following the methods laid forth by V.D. Jovic on behalf of Gamry InsturmentsTM. [177]
All samples are expected to demonstrate the addition of organic based films on the surface of the
metal, yet the equivalent circuit model will be utilized to elucidate differences between test
conditions.
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Figure 5.3.8: EIS equivalent circuit model fitting example graphs

EIS equivalent circuit modeling for samples analyzed as a symmetric cell in freshly prepared
model synovial fluid. a, Equivalent circuit model. Rsol, solution resistance/solution interaction
resistance with absorption layer, Rabs, absorption/outer layer resistance, CPEabs, constant phase
element of the absorption/outer layer, Rox, oxide/inner layer resistance, CPEox, constant phase
element of the oxide/inner layer. b, Comparison of positive real impedance (x-axis) and
negative imaginary impedance (y-axis). c, Total magnitude of impedance (y-axis) is plotted
against frequency (x-axis). d, Phase angle (y-axis) is plotted against frequency (x-axis).
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Table 5.3.3: Equivalent circuit parameters of CoCrMo under the studied corrosion
environments as symmetric cells. Rsol, solution resistance/solution interaction resistance with
absorption layer, Rabs, absorption/outer layer resistance, CPEabs, calculated capacitance of the
constant phase element for the absorption/outer layer, Rox, oxide/inner layer resistance, CPEox,
calculated capacitance of the constant phase element for the oxide/inner layer, n, the exponent
of the CPE.

Uncorroded
Sample

Rsol
(Ω cm2)
108.3

Sample A
Sample B
Sample C

69.53
79.26
56.84

Sample A
Sample B
Sample C

366.3
232.6
256.5

Rabs
(Ω cm2)
100.9

CPEabs
(μF/cm2)
102.8

nabs

Rox
(MΩcm2)
0.711
7.539

CPEox
(μF/cm2)
26.15

In Corrosion Simulated Synovial Fluid
60.95
86.97
0.712
10.96
24.18
68.70
247.2
0.626
5.464
24.20
117.9
1183.4
0.421
7.114
23.90
In Freshly Prepared Simulated Synovial Fluid
291.7
17.18
0.793
6.405
15.69
205.7
21.56
0.746
6.942
15.88
452.8
39.86
0.531
5.472
14.03

nox

χ2

0.942

0.00022

0.947
0.946
0.959

0.0013
0.0013
0.00093

0.907
0.880
0.827

0.00062
0.00056
0.00098

When analyzing the model fit parameters for the samples within the original testing fluid,
Table 5.3.3 shows that all samples displayed similar values of capacitance for the oxide layer of
the material. Sample A, shielded from electrical activity, shows a significant increase in R ox, and
a minor decrease in CPEox. This behavior could be indicative of a thickening of the passivated
oxide layer on the metal. This is in stark contrast to Sample B, displaying a significant decrease in
Rox, and Sample C which shows a minor decrease in Rox. Samples B and C demonstrate
significantly higher CPEabs when compared to Sample A and the Uncorroded Sample, which could
indicate the potential for increased charge concentration at the absorption layer and thus increase
the activity of the metal. Rsol decreased for all Samples, as metal ion concentration increased within
the solution during testing.
Investigating the model fit of the samples in freshly prepared synovial fluid, all samples
indicate similar Rox, closely resembling that of the uncorroded sample. All test samples display
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similar CPEox values, slightly decreased from the uncorroded sample. The pattern of increased
outer layer capacitance, CPEabs, of Samples B and C remains in fresh fluid when compared to
Sample A, yet all samples indicate a lower CPEabs value in fresh fluid when compared to the
uncorroded/untested samples. All test samples have higher Rsol when compared to the uncorroded
sample, however, Sample B and C have significantly smaller values of Rsol when compared with
Sample A. The lower Rsol, in conjunction with increased CPEabs, could indicate that Samples B
and C have higher activity within the serum when compared to Sample A.
For the above equivalent circuit models, Sample A consistently has greater values of the
CPE exponent, n, for both the oxide and absorption layers. Samples B and C, those that were tested
with electrical oscillations, indicate n values nearer to 0.5. A value of n = 0.5 in a CPE is
representative of a classical Warburg diffusion element, a value of n = 1 is representative of an
ideal capacitor, and a value of n = 0 is representative of a resistor. Therefore, it is possible that
Samples B and C demonstrate increased diffusion interaction between the solution and the metal.
The trends within the model fitting parameters appear to be consistent with the results shown in
Fig 5.3.6 and 5.3.7.
5.3.3 Summary and Conclusions
This work represents potentially foundational evidence in the generation of corrosion
products of implanted metal alloys, not currently addressed in conventional theory. The
development of corrosion products presented here required no mechanical wear. The simple
manipulation of oscillatory electric fields surrounding the in vitro samples, at magnitudes and
frequencies comparable to those resulting from ambient electromagnetic radiation, created and
replicated the corrosion products identified on recovered hip prosthesis. Introduction of oscillatory
electric fields not only generated corrosion products but also demonstrated that the chemical
composition of such products may depend on the frequency of electric excitation.
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Shielding the samples from electrical activity, represented by Sample A, prevented the
development of corrosion products on the surface of the CoCrMo alloy. These samples showed
only minor C deposition from the simulated synovial fluid. The XRD analysis of samples indicated
no crystallographic structure change when compared to untested samples of the same metal stock.
These findings are consistent with initial studies into the biocompatibility of CoCrMo alloys.[174,
175]
Sample B, representing samples subjected to a 50 MHz, 200 mVpp sine wave, showed
significant surface modification. The EDS analysis indicated the creation of ordered surface
growths consisting of Cr, C, O, Ca, and P, consistent with published literature on recovered wear
particles.[39, 41, 99, 135] Sample B indicated disproportionately greater Co release into solution.
XRD analysis of the surface suggested the alteration of crystallographic structure of the CoCrMo
alloy.
Sample C, representing samples subjected to a 25 MHz, 200 mVpp square wave, displayed
generalized surface deposition. The EDS analysis illustrated mixed deposition of Cr, C, O, Ca, P,
N, Na, and Cl. Excitation with 25 MHz and 75 MHz harmonics within the square wave resulted in
increased surface deposition and decreased metal ion release into solution.
Therefore, it is believed that the presence of oscillatory electric fields surrounding an
implant, may manipulate and/or accelerate the production of chemical species formed at the
surface of the metal alloy. These results indicate that the electromagnetic environment surrounding
implanted metal alloys may affect their corrosion properties. Future study and classification is
required to develop a fundamental understanding of this electrochemical phenomenon. Current
literature does not adequately predict the effects of non-ionizing, oscillatory electric potentials on
the surface/fluid chemical interaction present on the surface of the prosthesis.
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5.4 Analysis of Surface Corrosion Products and Equivalent Circuit Modeling
of Implanted CoCrMo generated via Oscillatory Electric Fields before and
after the Removal of the Organic Deposition Layer via Sonication in Ethanol
5.4.1 Sub Section Introduction
This section serves as a further investigation into the corrosion presented in Chapter 5.3
and the generation of complex corrosion products arising from low amplitude electrical
oscillations present at the surface of a CoCrMo hip implant. Specifically, samples are analyzed,
prior to the disruption of the organic deposition layer, for chemical composition, topography,
crystalline/ordered features, and electrochemical behavior. The samples are then analyzed with the
same methodology after the organic deposition as has been removed. Recent publications indicate
a strong potential for organic/proteinic layer interaction with the bulk metal, leading to increased
corrosion.[43-44, 112, 155, 162] This study is meant to identify the changing characteristics of the
complex chemical species formed on the surface of CoCrMo when subjected to electrical
oscillation, before and after the removal of the organic layer. Additionally, such a study could
provide insight into how such characteristics and electromagnetic activity interact with previous
studies of fretting and crevice corrosion.
Here, we show that a simple carbonaceous and thickened oxide layer develops when
samples are shielded from electrical activity, and that the base alloy’s surface remains unchanged
after ethanol clearing of the organic carbon depositions. The introduction of a 50MHz sinusoidal
oscillation is capable of generating distinct surface deposits, with highly ordered/crystalline
structure, which remain intact after ethanol sonication. Additionally, it is demonstrated that a
25Mhz square wave, generated with the 1st , 3rd , 5th ,and 7th harmonics, causes a non-uniform,
chemically complex organic layer to develop on the surface, with mixed amorphous and ordered
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features. Upon removal of the organic layer, the surface topography is drastically changed with
the addition of clear surface pitting on the nano to micro scale. Experimental analysis is presented
in conjunction with electrochemical impedance spectroscopy modeling via equivalent circuits in
order to probe the electrochemical interaction between simulated synovial fluid and each metal
sample, with and without the organic deposition layer removed.
5.4.2 Materials and Experimental Methods
The methods used for Sample Preparation and the Corrosion Testing Procedure explained
in Section 5.3.1 is utilized again. To prevent redundancy, the reader is encouraged to return to
Section 5.3.1 for specifics on sample preparation and corrosion procedure.
Test Conditions
The same Test Conditions A, B, and C as explained in Section 5.3.1 are used again here.
Again, all samples from conditions A, B, and C will be referred to simply as Sample A, B, and C,
respectively in Chapter 5.4. The results shown are indicative of all samples tested at each condition.
At the conclusion of each test, the samples were removed from the testing solution and rinsed with
DI water. The samples were then gently wiped clean with KimwipesTM to remove any loose
material. Following this, the samples were rinsed again with DI water, dried, and bagged for
analysis. Samples were rinsed in DI water, instead of a more caustic cleaning agent, to initially
prevent the disruption of the organic film on the metals surface. It was believed that analysis with
the organic film intact may indicate potential reaction mechanism found within an in vivo
setting.[43-44, 162, 170] Although, there may be risk of bacterial contamination when clearing the
samples with DI water, no bacterial culture indicated contamination. Each sample was analyzed
via electrochemical impedance spectroscopy, scanning electron microscopy, energy dispersive xray spectroscopy, and Raman spectroscopy. The samples were then individually sonicated in
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ethanol, Sigma-Aldrich Ethyl Alcohol >99.5%, for 20 min, rinsed in DI water, dried, and bagged
for further analysis. Each analysis method was then repeated for the cleaned samples. This was
done to provide a comparison of samples from the same testing parameters before and after the
removal of the organic film, in the possibly of elucidating meaningful changes that may indicate a
mechanism of action for the electrochemical corrosion through low magnitude electromagnetic
fields.
Scanning Electron Microscopy Procedure
As with the previous sections, each sample was analyzed via SEM and EDS. The SEM
used was a the same JEOLTM JSM-IT100. The surface of all samples for each test condition was
visually inspected and mapped for elemental concentration. The images and EDS analysis
provided here for each test condition is representative of all samples for that test condition.
Electrochemical Impedance Spectroscopy Testing
The electrochemical behavior of each sample was characterized by a SolartronTM
1287/1260 EIS suite. For all EIS experiments, a 3-probe method was utilized within the simulated
synovial fluid testing medium. Application of the 3-probe method allowed for standardized
comparison of all individual samples, a standard Ag/AgCl reference electrode and platinum
counter electrode was used for all samples, Fig 5.4.1.
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Figure 5.4.1: Schematic of three probe electrochemical impedance spectroscopy analysis
setup.

Schematic of experimental setup used for electrochemical impedance spectroscopy (EIS).
EIS testing utilizes a standard 3 probe method. The corrosion sample is used as the working
electrode, a standard Ag/AgCl electrode is used as reference, and a standard platinum
electrode is used as the counter electrode.
All EIS measurements utilized a reference potential of +0.197V for the Ag/AgCl reference
electrode emersed in a saturated solution of KCl. All EIS data presented in this section has been
area normalized to the surface area of the working electrode (the test sample).
An EIS response frequency sweep, at 10 mV amplitude, was performed, using ZplotTM, on
each specimen from 1.5x106 Hz to 5.0x10-2 Hz at 10 mV, to characterize the electrochemical
properties of each specimen. The EIS frequency sweep tests were performed in the same batch of
freshly prepared simulated synovial fluid. In addition, cyclic voltammetry, at a sweep rate of 100
mV/sec from ̶ 0.8 V to +1.4 V referenced to open circuit voltage, was performed on all samples
in freshly prepared simulated synovial fluid, utilizing CorrwareTM software in conjunction with the
SolartronTM EIS suite. All test equipment was powered through an AmetekTM power
conditioner/stabilizer to prevent electrical building noise from interfering with the test samples.
Raman Spectroscopy Analysis Procedure
After SEM analysis the samples were further analyzed via Raman spectroscopy with a
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Renishaw inViaTM confocal Raman microscope. Each sample was glued onto a glass microscope
slide and placed into the Raman microscope specimen holder. Each sample was analyzed in a
Raman shift spectrum from 98 to 3200 cm-1, at intervals of 1.945 cm-1. Prior to plotting, each
recorded spectrum was smoothed via a Savitsky-Golay filter with a 2nd degree polynomial and a
filter length of 23.
5.4.3 Results and Discussion
5.4.3.1 Scanning Electron Microscopy Analysis
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Figure 5.4.2: Scanning electron microscope (SEM) secondary electron detector (SED)
images of test samples before (left) and after (right) ethanol sonication.

Sample A, shielded from electrical activity. Sample B, subjected to 50 MHz 200 mVpp sine
wave. Sample C, subjected to 25 MHz 200 mVpp square wave.
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Sample A, prior to the clearing of the organic film, displays little variation from the
baseline metal alloy. All striations from wet sanding at P400 grit are clear. There appears to be
only minor surface deposition, as illustrated by the darkened deposits arranged sporadically. After
sonicating in ethanol, nearly all darkened area deposits have been removed. The surface appears
to nearly match that of a freshly prepared sample of CoCrMo. Therefore, by shielding electrical
activity, it appears that any electrochemical interaction between the metal and fluid that could form
the precursor to secondary wear particulate matter has been mitigated.
Sample B, however, displays significant surface deposition. The samples tested under
Condition B illustrated two unique deposition patterns, Fig 5.4.2c,e. The primary deposition mode
is categorized by Fig 5.4.2c of Sample B. The secondary deposition feature is represented by Fig
5.4.2e, of Sample B. Sample B, Fig 5.4.2c, displays unique, discrete, oval shaped deposits. Upon
initial inspection such deposits may appear to be related to bacterial growth. However, bacteria
cultures were taken of the test fluid for each test sample at the beginning and end of testing, and
no bacterial culture indicated contamination. Additionally, if the surface was populated by
bacterial growth, sonicating in ethanol would have removed all growths. However, after ethanol
sonicating, the surface is still marked by the same deposits, as can be seen in Fig 5.4.2d of Sample
B. The striations from sanding become more evident after cleaning, and the slight charging of the
surface deposits appears to decrease, indicating the removal of the organic film. Yet much of the
surface is still marked by distinct oval-shaped deposits. A similar result is illustrated for the
secondary deposition pattern seen on Sample B. Fig 5.4.2e shows an amalgamation of non-descript
surface growths depositing a top one another. This figure shows significant charging of the
deposited mass, along with a significant layer covering the majority of the striations from sample
preparation. After sonicating the samples, most of the deposited mass has been removed, along
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with the organic layer making the polishing striations much more evident. However, the surface
now displays small, geometric-in-nature, surface deposits, which appear potentially crystalline in
nature. (Fig 5.4.2f) The surface deposits, after the loosely attached organic layer has been removed,
display distinct edges and sharp angles. Sample B therefore displays significant surface deposition
which are capable of withstanding ethanol sonication and could form the antecedent to secondary
wear particles. Further analysis is carried forth to identify elemental presence and potential
chemical species on the surface in Figs 5.4.4-7.
Sample C, similar to Sample B, shows significant surface deposition. Yet, Sample C does
not display uniform deposits, but rather deposits ranging in size and shape without a clear
deposition pattern. Fig 5.4.2g, representing the sample prior to sonication, is characteristic of the
surface for all samples tested under Condition C. The deposited growths range in size up to ~20
µm. The lower image, Fig 5.4.2i, of Sample C illustrates the surface under increased magnification,
10,000X. At higher magnification the surface appears to be entirely coated in a surface film prior
to sonication. The surface also displays small growths on the order of 250 -500nm. In all images
prior to sonication, the polishing striations are greatly diminished, indicating significant coating of
the surface. After sonication, Fig 5.4.2h, the carbonaceous layer has been removed and the quantity
of surface depositions is greatly diminished, increasing the visibility of the surface striations from
polishing. Although the surface film has been removed, significant surface deposits remain. This
indicates that the larger surface depositions are well attached to the metal alloy. These growths
may be the originating particulate matter which could undergo fretting type corrosion and become
imbedded within periprosthetic tissue as wear particles. Moreover, when investigating the surfaces
of Sample C after sonication, the surface appears to be marked by significant pitting. The surface
is shown at increased magnification in Fig 5.4.2j after sonication. Fig 5.4.2j displays the clear
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formation of surface pitting in the range of 250-2000 nm. It is theorized that the surface deposits
illustrated in Fig 5.4.2g,i resulted in significant interaction with the CoCrMo metal alloy, allowing
for the activation and/or disruption of the passivated layer. Material from the bulk metal was then
able to form chemical bonds with the deposited film, forming the smaller surface growths. These
chemical deposits were then removed by ethanol sonication, revealing what appears to be surface
pitting. The topography is further investigated in Fig 5.4.3, followed by an analysis of chemical
composition in Fig 5.4.4-7.
Fig 5.4.3, serves as further investigation into the topographical changes present on the
surface of test specimens. Fig 5.4.3 is a micrograph of SEM images utilizing the composite
backscatter detector, at the same locations as those presented in Fig 5.4.2.
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Figure 5.4.3: SEM-backscatter electron composite (BEC) images of test samples before (left)
and after (right) ethanol sonication.

Sample A, shielded from electrical activity. Sample B, subjected to 50 MHz 200 mVpp sine
wave. Sample C, subjected to 25 MHz 200 mVpp square wave.
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Sample A, which was shielded from electrical activity and submerged in simulated
synovial fluid, shows little change of topographical interest. After sonication, Fig 5.4.3b, Sample
A illustrates increased definition of polishing striations and the removal of the organic film. Thus,
these samples illustrate that without the presence of mechanical wear, or electrical oscillation, no
corrosion or surface modification is exhibited.
Sample B, subjected to a 50 MHz sinusoidal oscillation, demonstrates significant
topographical modification, Fig 5.4.3c-f. Prior to sonication, Fig 5.4.3c,e, the surface polishing
marks are nearly indiscernible. However, after cleaning, Fig 5.4.3d,f, the striations are clearly
present. The surface deposits in Fig 5.4.3c and d show little to no modification after sonication,
appearing relatively smooth and uniform in shape. Fig 5.4.3e, prior to sonication, illustrates a high
degree of texture within the large surface deposits. The removal of the loosely attached organic
deposits, Fig 5.4.3f, removes most of the defined surface texture and topographical information.
There appears to exist a high degree of difference in electrical properties between the CoCrMo
sample and the remaining surface deposits. As such, the contrast between the deposits and
background made discernible topographical information difficult to obtain with the backscatter
detector.
Sample C, subjected to 25 MHz square oscillation, illustrates a significant difference in
surface topography before and after sonication. Prior to sonication, Fig 5.4.3g,i, the surface
displays a generally smooth film with embedded, distinct growth features. The surface of the alloy
initially appears to remain largely unchanged underneath the organic film. However, after
sonication, Fig 5.4.3 h,j, Sample C illustrates a significant change in the structure of the metal
alloy’s surface. Under lower magnification, Fig 5.4.3h, surface growths are present, and the sample
preparation marks are evident, as expected. However, as anticipated from the SEM-SED images
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above, the surface is marked by small pits. Upon investigation with higher magnification, Fig
5.4.3j, the surface pitting is clearly visible. Sample C exhibits both smooth circular pits and jagged
edged pits. The increasingly jagged edges could indicate preferential corrosion propagation along
grain boundaries within the bulk material, or preferential propagation in the direction of localized,
increased concentration of a particular element within the base alloy. Surface pitting when exposed
to multiple frequencies of low amplitude electrical oscillation, without mechanical wear, illustrates
a significant finding in the understanding of implanted biomaterial metal corrosion. Pits formed
without any mechanical wear to erode the passivation layer and only the samples tested here with
multiple harmonic frequencies, the 1st-7th odd harmonic frequencies representing a square wave,
displayed the pitting behavior. An elemental and chemical species analysis is further performed,
Fig 5.4.4-7, to investigate the chemical changes on the surface of Sample B and Sample C.
Fig 5.4.4 and 5.4.5 represent an EDS analysis of all samples before and after ethanol
sonication, respectively. The area analyzed via EDS for elemental composition are the same areas
presented in Fig 5.4.2 and 5.4.3, and are presented as sample areas representative of all corrosion
samples. Labels in Fig 5.4.4 and 5.4.5 of (1) and (2) are meant to indicate which area is being
analyzed. (1) refers to an analysis of the upper SEM image presented, i.e. Fig 5.4.2cd for Sample
B and Fig 5.4.2gh for Sample C. The label of (2) represents an analysis of the lower, i.e. Fig 5.4.2ef
for Sample B and Fig 5.4.2ij for Sample C. For example, Fig 5.4.4 Sample B (1) refers to the same
area as Fig 5.4.2c. Fig 5.4.4 and 5.4.5 will be discussed together in order to analyze the elemental
composition present on each sample, while simultaneously offering a comparison in composition
before and after sonication.

5.4.3.2 Energy Dispersive X-Ray Spectroscopy
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Figure 5.4.4: Energy Dispersive X-Ray Spectroscopy (EDS) analysis of samples prior to
ethanol sonication.

Sample A, shielded from electrical activity. Sample B, subjected to 50 MHz 200 mVpp sine
wave. Sample C, subjected to 25 MHz 200 mVpp square wave.
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Figure 5.4.5: EDS analysis of samples post ethanol sonication.

Sample A, shielded from electrical activity. Sample B, subjected to 50 MHz 200 mVpp sine
wave. Sample C, subjected to 25 MHz 200 mVpp square wave.
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Sample A, when shielded from electrical activity, showed the expected chemical
composition on the surface both before and after sonication. Fig 5.4.4, prior to cleaning, shows
that the surface of Sample A contains C and trace amounts of Si in addition to the major
components of the base alloy; Co, Cr, and Mo. It is expected that the significant carbon film present
on Sample A shielded the EDS detector from identifying the oxide layer present on the metal.
After the sample is cleaned, the EDS analysis shows a significant decrease in C and shows the
presence of O on the surface of Co, Cr, and Mo.
Sample B, subjected to a 50Mhz sinusoidal oscillation, illustrates significantly greater
chemical complexity on the surface. The uniform oval deposits described in Fig 5.4.2c are shown,
in Fig 5.4.4 Sample B (1), to consist of primarily Cr, C, O, P, Ca, and relatively small amounts of
Mo prior to cleaning. After sonication, Fig 5.4.5, the surface depositions maintain a similar
chemical composition. The deposits appear to contain Cr, Mo, C, O, P, and Ca. The presence of P
and Ca is densely concentrated within the surface growths, along with increased amounts of O and
C. Most surface deposits appear to be void of Co. The base metal elements of Co, Cr, Mo are
uniform outside of the surface growths. The elemental composition of these surface deposits is
consistent with multiple wear particle and corrosion product retrieval studies dating back to Urban
et al in 1994.[104] Urban et al. reported that retrieved wear particles consist primarily of chromium
oxides and chromium phosphates, with varying degrees of Ca and Co present.[104] Modern
retrieval studies of failed prostheses and wear particles, report findings with increasing
concentrations of chromium oxides and chromium phosphates.[39, 41, 99, 104-105] The secondary
areas of Sample B, Fig 5.4.4 Sample B(2), prior to sonication illustrate similar elemental
compositions when compared to the primary corrosion location. Sample B (2), Fig 5.4.4, indicates
that the surface deposition growths consist primary of Cr, O, C, Co, P, and Ca. The addition of Co

140

is consistent with the retrieval studies mentioned previously. However, the secondary corrosion
areas investigated on Sample B resulted in a diverse elemental composition after sonication. The
surface now indicates the addition of trace amounts of Al. The depositions after cleaning are
shown, in Fig 5.4.5 Sample B(2), to contain Cr, Mo, C, O, Al, P, and lesser amounts of Ca than
seen previously. The correlation in grayscale mapping seen in P, O and Al, indicate that the Al is
forming an aluminum phosphorus compound or an aluminum oxide on the surface. Aluminum
oxide has been previously investigated within the human body and does not initiate an acute toxic
response.[106, 178] The BS used in this study, as well as human serum, is known to contain
consistent aluminum levels. Thus, finding an aluminum containing compound, though not widely
explored, is not out of the realm of possibility when manipulating the electrical activity on a metal
sample. However, the aluminum containing surface growth occurs far less frequently when
compared to Cr and O surface growths.
Sample C, subjected to a 25 MHz square oscillation, in Fig 5.4.4 Sample C (1), shows the
greatest variation in elemental composition on the surface. The predominate surface growths
contain mainly Cr, C, and O, with the addition of varying concentrations of P and Ca. The surface
also shows the addition of Na, Cl, and trace N within the surface film. After sonication, only C, O,
P and Ca remain, in addition to the base metal elements, as seen in Fig 5.4.5 Sample C (1). The
surface growths which remain after cleaning are indicate high concentrations of Cr and O with
decreased concentrations of P, Ca, and C. While investigating the surface under high
magnification, Fig 5.4.4 Sample C(2), there is a consistent elemental composition of localized
surface growths of Cr, C, O, P, and Ca. However, after the samples have been sonicated in ethanol,
Fig 5.4.5 Sample C(2), there does not appear to be the same localized areas of increased elemental
concentrations. Instead, there is a clear correlation between the surface pits discussed previously
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and grayscale mapping of O, P, Ca. At the location of the pitting, there is a clear decrease in the
presence of O, Ca, P, in Fig 5.4.5 Sample C(2). Additionally, the base metal elements, Co, Cr, Mo,
show nearly uniform concentration across the surface. In accordance with the previous results
discussed above, and with previously published data[39-41, 99, 171, 179], it is assumed that the
primary chemical species formed on the surface is a Cr-oxide based growth. Subjecting a CoCrMo
alloy to test Condition C allowed for the generation of stable Cr-oxide based particles which were
then able to release upon sonication. The decreased concentration of O at the location of the surface
pits suggests a potential degradation of the passivated oxide layer without subjecting the samples
to mechanical testing. It is therefore theorized that electrochemical generation of corrosion
products via electrical oscillation can occur independently of fretting corrosion. Though,
oscillatory electrically driven corrosion will act synergistically with fretting and crevice corrosion
to accelerate the breakdown of implanted CoCrMo. In an in vivo setting the metal surface will not
undergo cleaning via sonication in pure ethanol to expose the pitting present under the organic
film. However, micro-motion, similar to that required for fretting corrosion, is known to be present
at modular junctions as the patient moves. Any motion at the junction may be capable of dislodging
these surface protrusions, even if it is not of sufficient force to mechanically break the natural
oxide layer. At which point, surface pitting may be exposed to synovial fluid allowing for an
accelerated pitting/crevice type corrosion. All corrosion mechanisms will then work in concert
leading to the complete degradation of the implant.
The above EDS analysis provides relative elemental composition present on test samples,
but is incapable of identifying the chemical compounds formed. Therefore, Raman spectroscopy
was utilized to identify specific chemical compounds. Identification of compounds may be used
to better compare this current study with previous studies on in vivo corrosion products and in vitro
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fretting corrosion products. In the comparison of Raman spectra, vertical dashed lines are drawn
through all spectra to identify the location of each label and to assist the reader as they compare
spectra. A dashed vertical line through a spectrum does not indicate that a particular peak was
detected for that spectrum, it simply indicates that a peak was detected at that location for one of
the test conditions described. All labels indicate the Raman shift of peak location. The analysis of
peaks is presented in the discussions following Figs 5.4.6 and 5.4.7.

5.4.3.3 Raman Spectroscopy Analysis
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Figure 5.4.6: Raman Spectrometer analysis of test samples prior to ethanol sonication.

Base Alloy, representing an untested sample. Sample A, shielded from electrical activity.
Sample B, subjected to 50 MHz 200 mVpp sine wave. Sample C, subjected to 25 MHz 200
mVpp square wave.
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The spectrum labeled as Base Alloy, in Fig 5.4.6, represents a sample of CoCrMo alloy
prepared in the same manner as all test samples, but never subjected to simulated synovial fluid or
corrosion testing. The base alloy exhibits dominate peaks centered at 140 cm-1, 800 cm-1, 1340 cm1

and 2326 cm-1, followed by minor peaks at 286 cm-1, and 2900 cm-1, as labeled in Fig 5.4.6. To

persevere neatness during the discussion of Raman spectra, the Raman shifts will be referred to in
magnitude only. However, all Raman shift peaks are in units of cm-1. The Raman spectrum
obtained from the base alloy correlates well with previously published analyses of CoCrMo.[172,
180, 181] The peak at 140 is indicative of primarily Cr2O3 and Co3O4.[172, 181-183] A Raman
shift at 800 represents the presence of molybdate containing compounds.[172, 181] The final
dominate peaks, observed at 1340 and 2326, denote the presence of CoO and secondarily Cr2O3.
The minor signals, at 286 and 2900, represent CrOH and C-H bond stretching, respectively.[172,
181-182] The presence of CrOH and C-H bond stretching are not unexpected for untested CoCrMo
as prepared in this investigation. Samples were cleaned in ethanol after sample preparation and
then rinsed in DI water to remove the ethanol. Therefore, it is possible that Cr may have reacted
and formed compounds while in contact with ethanol or water.
The spectrum of Sample A after corrosion testing and prior to the removal of the organic
layer is presented in Fig 5.4.6. Sample A illustrates a similar spectrum to that of the base alloy
with the growth of the 1340 peak, and the addition of substantial peaks at 1450, 1631, 2720, 2900,
and 3054. The increased signal at 1340 indicates larger concentrations of CoO and Cr2O3, attributed
to the growth of the oxide layer. The dominant peaks at 1450, 1631, 2720, and 2900 are
representative of large concentrations of carbon containing compounds forming the organic film
on the surface of the metal. The peak centered near 1450 is indicative of the 2D band for carbon
structures. This signal indicates the presence of disordered carbon structures within the deposition
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layer. This is then followed by the G band and G’ band at 1631 and 2720, respectively, which
illustrates the presence of ordered and/or layered carbon structures.[183-185] The final additional
peak at 3054 is characteristic of O-H bond stretching. Therefore, the Raman spectrum for Sample
A validates all previous analysis, suggesting a thickening of the oxide layer and significant organic
film formation. Since no surface protrusions were identified in the SEM analysis of Sample A, it
is assumed that the oxide thickening formed toward/into the bulk material.
Sample B, prior to ethanol sonication in Fig 5.4.6, begins to illustrate a significant deviation
from the untested base alloy and Sample A. Sample B displays a considerable increase of Cr 2O3,
as shown in the increase of the 140 peak. There is a clear reduction in the detection of the
molybdate peak at 800. A small peak begins to develop at 960, which is representative of Ca, P,
and/or phosphate containing compounds.[186-188] The spectrum displays an increase of CoO and
Cr2O3, at the 1340 peak. The peak at 2326 identified in the base alloy persists in the spectrum of
Sample B. The 1450, 1631, 2720, and 2900 peaks are the largest of any samples tested, indicating
a large deposition of organic matter onto the surface of samples tested under Condition A.
However, the relative intensity of the G band peak, centered at 1631, is larger than the D band
peak, centered at 1450, suggesting that the deposited carbon structures may be more ordered or
layered in nature. Sample A, additionally displays the largest signal for C-H bond stretching at
2900. The final peak at 3054, again represents O-H bond stretching.
The Raman spectrum of Sample C largely resembles the spectrum previously described for
Sample B with a few key differences. The surface of Sample C maintains significant amounts of
carbon compounds, as represented by peaks at 1450, 1631, 2700, and 2900. However, unlike
Sample B, the relative intensity of the D band is greater than that of the G band in Sample C,
indicating that the carbonaceous species of Sample C have a higher degree of disorder.
146

Additionally, Sample C illustrates considerably less C-H and O-H bond stretching, at 2900 and
3054, respectively. The most significant differences seen in the spectrum of Sample B exist at
Raman shifts of 140, 425, and 960. Sample C has the largest increase of Cr2O3, as shown in the
increased intensity at 140. Sample C, unlike all other samples, displays an additional peak at 425,
which has previously been reported to represent formation of CoO.[182] Sample C also presents
with a dominant peak at 960, suggesting extensive formation of Ca, P, and/or phosphate containing
compounds. Although Ca and P were found on the surfaces of all samples of test Conditions B and
C, the detection intensity of the 960 peak is multiple times larger on samples tested under
Condition C when compared to any other condition. This may indicate the potential for electrical
excitation, at the harmonic frequencies of a 25 MHz square wave, to initiate increased
electrochemical interaction between the base metal and the Ca and P of the organic film, leading
to pit formation. If such a reaction exists between the organic film and the corrosion of CoCrMo,
the Raman spectrum after ethanol sonication should result in a significantly larger reduction in
intensity at 960 for Sample C when compared to the relative reduction in Sample B.
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Figure 5.4.7: Raman Spectrometer analysis of test samples post ethanol sonication.

Base Alloy, representing an untested sample. Sample A, shielded from electrical activity.
Sample B, subjected to 50 MHz 200 mVpp sine wave. Sample C, subjected to 100 MHz 200
mVpp square wave.
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Fig 5.4.7 presents the Raman spectrum of samples after the removal of the organic film
through sonication in ethanol. The spectrum for the untested base alloy is repeated from Fig 5.4.6
to provide ease of comparison. Since the base alloy spectrum is repeated from Fig 5.4.6, a
discussion of spectrum will not be addressed here, and the reader is encouraged to refer to the
discussion following Fig 5.4.6 for details. The relative peak heights may appear larger for the base
alloy here in Fig 5.4.7 when compared to Fig 5.4.6; this is the result of the significant reduction in
the carbonaceous species peaks of the test specimens. All test samples observed a significant
reduction at 1450, 1631, 2720, and 2900, as the organic film was removed during sonication.
After cleaning, Sample A, representing samples shielded from electrical activity, maintains
a similar spectrum when compared to the base alloy. Sample A, Fig 5.4.7, displays a significant
reduction in peaks related to carbonaceous species after sonication. The intensity at 286 is equal
to that of the baseline alloy. Slightly greater concentrations of Cr2O3 at 140, molybdates at 800,
and CoO at 1340 are present on Sample A, as expected with increased metal passivation when
subjected to simulated synovial fluid. A slight decrease can be seen at 2326 potentially arising
from a decrease in CoOH.[172, 181-182]
The removal of the organic film on Sample B highlighted interesting differences within the
Raman spectrum. A molybdate peak at 800 is now evident. The significant organic film was of
sufficient thickness to originally shield the molybdate signal in Fig 5.4.6. Sample B maintains
significantly higher concentrations of Cr2O3 at 140 when compared to Sample A and the base
alloy. With the removal of the carbonaceous film, a peak forming at 425 and a shoulder within the
broad molybdate peak at 960 are now identifiable. The presence of these features at 425 and 960
indicate the formation of oxide-based compounds mixed with Cr, Ca, and/or P.[186-188] The
Raman spectrum of Sample B is consistent with the prior evidence of corrosion particulate
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production presented within this section and with the analysis of previously published retrieval
studies.[39, 41, 99, 171, 179] The introduction of a 50 MHz, low amplitude electrical oscillation
allowed for the increased generation of Cr2O3, along with varying concentrations of Ca, P, and O.
The distinguishing result here is the fact that these growths formed above the passivated oxide
layer of the metal alloy without the need to mechanically degrade the surface. This is in stark
contrast the thickening of the oxide layer toward the bulk material, as seen in Sample A. As such,
this particulate matter, above the machined surface, is likely to release from the metal’s surface
with increasingly light disturbances, becoming embedded within the surrounding tissue as wear
particles. No significant peaks were identified matching that of aluminum containing compounds.
The areas containing aluminum on samples tested in under Condition B occurred infrequently
when compared to the areas containing chromium-based growths. It is believed that signal
pertaining to Al were not of sufficient magnitude overcome the noise of the Raman spectroscopy
results.
Investigation into the Raman spectrum of Sample C after organic film removal and
comparison to the spectrum with the organic film is of significant interest to identify potential
mechanisms of pit formation identified previously. Sample C illustrates significant increase of
oxides and other oxygen containing compounds mixed with the elements of the metal alloy as
evident by the increase in intensity of peaks at 140, 286, 800, 1340, and 2326. Therefore, Sample
C shows an increase of Cr2O3, CrOH, molybdates, CoO, and CoOH. Sample C additionally
displays peaks at 425, 960, and 1074. As discussed previously the peak at 425 is representative of
Cr, Ca, and P containing compounds with varying concentrations of O. The peak at 425 is of
similar order when compared Sample B and is consistent with the presence of Ca and P seen in
prior EDS analysis. The peak at 960 showed a significant reduction in in relative magnitude after
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the samples were sonicated in ethanol, as evident by comparing Fig 5.4.6 and 5.4.7. Therefore,
samples tested under Condition C realized the most prominent reduction in Ca and P concentration,
as predicted in the discussion following Fig 5.4.6. Moreover, Sample C develops a distinct
shoulder feature at 1074, contained within the larger molybdate peak centered at 800. Previous
publications have identified this feature as being associated with Cr in the +6-oxidation state,
Cr(VI).[172, 181] If the spectrum is viewed in cooperation with the comparative SEM and EDS
analysis of all samples, one can begin to develop an understanding of the corrosion mechanism
initiated by electrical oscillations. The introduction of electrical oscillation can create surface
growths above the passivated oxide layer which are comprised of base metal elements bonded to
elements from solution. These growths, which are consistent across all samples tested with
electrical activity and which are not present on those samples shielded from electrical activity,
result in the increase detection of oxide and phosphate compounds. However, the dominant peak,
uniquely present on Sample C, related to Ca and P compounds, the significant formation of
hydroxy containing compounds, and the altered oxidation state of Cr on the surface of the metal
alloy is anticipated to provide key insight into the creation of surface pits. It is theorized that the
electrical oscillation of Condition C allowed for increased electrochemical activity and the
formation of stable particulate matter containing Ca, P, Cr, O, with varying degrees of Co/Mo, at
the interface between the bulk metal and the organic film. Such an interaction would not
traditionally exist when CoCrMo is placed within simulated synovial fluid without the presence of
electrical activity, as demonstrated by Condition A. Upon sonication, the organic film was
removed, carrying with it the particulate matter that had formed. It is assumed that the base metal
elements formed stable compounds within the organic film, reducing their bond to the metallic
substrate, increasing the ease by which they may be removed. The removal of the stable particulate
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matter resulted in the creation of a pit. When the organic layer was removed and the pit formed,
the metal samples were submerged within ethanol and later rinsed in DI water. The exposed, unpassivated surface of the remaining bulk metal then reacted with the ethanol, water, or modified
its oxidation state to restabilize the surface. This re-stabilization or re-passivation is assumed to
have resulted in the creation of hydroxide compounds and the oxidation state change of Cr(III) to
Cr(VI).
5.4.3.4 Electrochemical Impedance Spectroscopy Analysis
In an order to understand the electrochemical behavior of oscillatory, electrically driven
corrosion an EIS analysis was completed for all samples before and after ethanol cleaning. A
comparative study was established, along with comparative models, in an attempt to probe the
parameters of the organic film and underlying surface for insight into this type of electrochemical
corrosion.
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Figure 5.4.8: EIS analysis and cyclic voltammetry analysis of corroded samples in fresh
simulated synovial fluid prior to ethanol sonication.

EIS analysis of the corroded samples in freshly prepared simulated synovial fluid. The results
presented are surface area normalized with a Ag/AgCl reference electrode and Pt counter
electrode. Samples analyzed prior to ethanol sonication. The uncorroded sample represents a
freshly prepared, non-corroded test specimen. Sample A was shielded from electrical activity,
Sample B was subjected to a 50 MHz, 200 mVpp sine wave, and Sample C was subjected to a
25 MHz, 200 mVpp square wave. a, Comparison of positive real impedance (x-axis) and
negative imaginary impedance (y-axis). b, Total magnitude of impedance (y-axis) is plotted
against frequency (x-axis). c, Phase angle (y-axis) is plotted against frequency (x-axis). d,
Cyclic voltammetry analysis of samples at 100 mv/sec sweep.
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Fig 5.4.8 represents the EIS analysis of samples prior to the removal of carbonaceous
deposits. Fig 5.4.8a, presents the Nyquist plot for all samples, Fig 5.4.8 b and c, presents Bode
plots, and Fig 5.4.8d, presents the cyclic voltammetry results. As before, the curve labeled
uncorroded sample is a sample prepared in the same manner as all test samples, but which was not
subjected to simulated synovial fluid or corrosion testing. Nyquist plots for all samples are
dominated by a semicircular pattern with centers depressed below the x axis, indicating non-ideal
capacitive behavior by all samples. The Nyquist plots all decrease in curvature as lower
frequencies are approached, implying a diffusion limited process within the double layer formed
at the metal’s surface. Sample A illustrates the least capacitive behavior at low frequencies, as seen
by a lower magnitude of imaginary impedance and a shift away from -90° phase angle. At higher
frequencies, Sample A displays a similar magnitude of total impedance when compared to the
uncorroded sample but displays a shift toward more capacitive behavior in phase angle, Fig 5.4.8c.
In the cyclic voltametric study, Sample A nearly mimics the behavior of the uncorroded sample.
Slight deviation from the uncorroded sample is evident in the cathodic region as the voltage
approaches -0.8V, Fig 5.4.8d.
Sample B illustrates significantly higher capacitive behavior when compared to all other
corrosion samples, but lower capacitive behavior when compared to the uncorroded samples. As
such, Sample B has a significantly greater magnitude of -Z” and displays a phase shift toward 90° phase angel throughout the majority of frequencies investigated when compared against other
test samples. Sample B shows greater total magnitude of impedance when compared to Sample A
and the uncorroded sample at all frequencies < ~103 Hz. At frequencies > ~103, Sample B indicates
the lowest overall impedance magnitude. During the cyclic voltammetry testing, Sample B
illustrates significantly greater activity when compared to Sample A and the uncorroded samples.
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There is a distinct increase in anodic activity beginning near +0.25V and continuing up to +1.4 V.
Moreover, Sample B has increased cathodic activity as the magnitude of resultant current greatly
increased, as the applied voltage became increasingly negative beyond -0.5V. The increased
capacitive behavior as seen in Fig 5.4.8 a-c and the increased resultant current in Fig 5.4.8 d,
indicates that the deposited/accumulated layers on the surface of Sample B have substantially
higher electrochemical activity when compared to uncorroded samples and Sample A. This
potentially suggests a higher degree of corrosion activity within the deposition layers formed on
Sample B when compared to samples without electrical oscillation.
The EIS analysis of Sample C before removal of the organic film further highlights
observations made previously within this section, specifically: the interaction of the metal alloy
and the surface deposition layer depends heavily on the oscillating electric fields of the test
condition. The electrochemical behavior of Sample B shows markedly different behavior when
compared to Samples A and B. Sample C maintains the semicircular pattern with a center
depressed below the x axis, indicating non-ideal capacitive behavior, but shows the least capacitive
behavior of any sample across the frequency spectrum. Sample C shows only a moderate increase
in capacitive behavior when compared to Sample A at frequencies approaching 0. At all
frequencies >10-0.8 Sample C shows the least capacitive behavior of all corrosion test samples and
shows the greatest magnitude of total impedance. The findings in Fig 5.4.8 a-c, might seem to
suggest a reduction in corrosion activity of Sample C. However, when Sample C is subjected to
cyclic voltammetry, Sample C illustrates the greatest anodic behavior. As the applied voltage
increases beyond +1V, the resultant current of Sample C surpasses that of any other sample. As
the applied voltage is decreased and passed through the cathodic region, the behavior of Sample
C mimics that of Sample A, with slightly less cathodic activity. Sample C therefore indicates
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potentially the highest degree of interaction between the deposited layer and the metal surface,
with highly active anodic reactions.
Furthermore, while the organic film is intact, all test/corrosion samples demonstrate a
consistent region in which the phase angle behavior changes, relative to the uncorroded samples,
Fig 5.4.8c. The point at which a change from lower capacitive behavior to greater capacitive
behavior relative to the uncorroded sample is labeled here as the transition point (TP). All test
samples, Samples A-C, have decreased capacitive behavior at frequencies <100.9 and increased
capacitive behavior at frequencies >101.1 when compared to uncorroded samples. Therefore, there
is a narrow region in which all samples demonstrate a TP prior to the disruption of the organic
film. It is theorized that this trend in TP’s is controlled by the total surface deposition. In the case
of all samples prior to sonication, the surface is dominated by organic carbon deposits. Once the
organic film has been removed by sonication it is expected that the TP for each sample subjected
to electrical activity will display a significantly greater change in frequency than for those samples
shielded from electrical activity. Moreover, it is expected that the TP of Sample A, with uniform
oxide formation and limited surface growths, will remain near the region, 100.9-101.1 Hz, whereas
for Samples B and C, the TP will occur at different frequencies.
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Figure 5.4.9: EIS analysis and cyclic voltammetry analysis of corroded samples in fresh
simulated synovial fluid after ethanol sonication of samples.

Surface area normalized EIS analysis with Ag/AgCl reference electrode and Pt counter
electrode in freshly prepared simulated synovial fluid. Samples analyzed after ethanol
sonication. The uncorroded sample represents a freshly prepared, non-corroded test specimen.
Sample A was shielded from electrical activity, Sample B was subjected to a 50 MHz, 200
mVpp sine wave, and Sample C was subjected to a 25 MHz, 200 mVpp square wave. a,
Comparison of positive real impedance (x-axis) and negative imaginary impedance (y-axis).
b, Total magnitude of impedance (y-axis) is plotted against frequency (x-axis). c, Phase angle
(y-axis) is plotted against frequency (x-axis). d, Cyclic voltammetry analysis of samples at 100
mv/sec sweep.
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For ease of comparison, the same EIS characterization of the uncorroded samples shown
in Fig 5.4.8 is repeated here in Fig 5.4.9. Fig 5.4.9 represents the electrochemical behavior of test
samples after sonication in ethanol and the removal of the organic/carbonaceous film. All samples
display a similar semicircular pattern with centers depressed below the x axis in Fig 5.4.9 as in Fig
5.4.8. However, all corrosion samples show an increase in capacitive behavior after the removal
of the organic film.
Sample A, at frequencies <10-0.8Hz, has the lowest capacitive behavior, as shown in the
decreased magnitude of -Z” and a phase angle shift toward 0º. However, at frequencies >100 Hz,
Sample A is shown to have the highest capacitive behavior of all test samples. Unlike in Fig 5.4.8,
Sample A in Fig 5.4.9b consistently demonstrates a higher magnitude in total impedance when
compared to the uncorroded samples but remains the closest to the uncorroded behavior when
evaluated against other test specimens. In the cyclic voltammetry study, Sample A is
indistinguishable from the uncorroded samples at applied potentials < +0.75V and shows
decreased anodic activity at higher applied potentials, Fig 5.4.9d. These findings are consistent
with a thickening of a passivated oxide layer on the surface of the CoCrMo within simulated
synovial fluid.[45-46, 49, 103]
Samples B and C have similar electrochemical behavior and show distinct differences in
from that of Sample A and the uncorroded sample. Sample B displays marginally greater
capacitance than Sample A at low frequencies and markedly decreased capacitance at frequencies
above 100 Hz, Fig 5.4.9c. Moreover, Sample B shows decreased capacitive behavior with respect
to the uncorroded samples at frequencies <102.3 Hz. Furthermore, Sample B indicates greater
magnitude of total impedance when examined against Sample A at frequencies >101 Hz. Although
the magnitude of total impedance increases and there appears to be a decrease in overall capacitive
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behavior, the cyclic voltammetry study, Fig 9d, suggests significantly greater cathodic activity on
Sample B than seen on Sample A or the uncorroded sample, as peak cathodic currents display an
increase. At applied potentials < -0.25V, there appears to be a slight increase in magnitude of
current, indicating increased/altered electrochemical behavior in the cathodic region. Sample B
demonstrates decreased anodic behavior at positive applied potentials when compared to Sample
A.
Sample C exhibits similar, yet exaggerated, trends as previously illustrated in Sample B.
Sample C presents decreased capacitive behavior throughout the frequency spectrum when
compared to Sample B and decreased capacitive behavior when compared to Sample A at
frequencies <10-0.7Hz. Sample C also demonstrates the highest overall magnitude in total
impedance, across all frequencies and samples tested, including the uncorroded sample, Fig 5.4.9b.
This behavior is consistent with the electrochemical behavior exhibited by Sample C prior to the
removal of the organic film, Fig 5.4.8b. Sample C, however, indicates the greatest variation in
electrochemical behavior in Fig 5.4.9d, the cyclic voltammogram. Sample C has the lowest anodic
activity and peak anodic current of all samples. Conversely, Sample C displays a significantly
different response at negative applied potential within the cathodic region. The peak cathodic
current of Sample C matches closely with that of Sample B, yet the shape of the cathodic region
is markedly different. At the negative switching potential, as the potential sweep begins a positive
trend, Sample C has significantly lower magnitude of resulting current when compared against
any other sample. The alteration in electrochemical behavior is predicted to result from the nano
to microscale surface pitting previously described. Further discussion on the mechanism of the
electrochemical behavioral change will be discussed in conjunction with the equivalent circuit
modeling presented in Fig 5.4.10 and Table 5.4.1.
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Furthermore, there is a distinct difference in the patter of TP within the phase angle of
samples, Fig 5.4.9c. The discussion following Fig 5.4.8 stated that the TP of all test samples were
within the range of 100.9-101.1 Hz prior to the disruption of the organic deposition layer. However,
after ethanol sonication, there is a clear distinction between samples subjected to electrical activity
and those shielded. Sample A, shielded from electrical activity, illustrates a TP at 101.2 Hz,
representing the smallest change in TP frequency before and after sonication. The samples with
electrical activity, Samples B and C demonstrate a significant change in TP frequency after
sonication, at 102.2 and 102.4 Hz, respectively. Therefore, the transition from decreased capacitive
behavior to increased capacitive behavior with increasing frequency, in respect to the uncorroded
sample, occurs at frequencies greater by one order of magnitude. The surface growths and
topographical changes present after the removal of the organic film on the surfaces of Samples B
and C result in significantly altered electrochemical behavior when compared to Sample A.
5.4.3.5 Electrochemical Equivalent Circuit Modeling

In order to quantify the changes illustrated in the EIS analysis, Figs 5.4.8 and 5.4.9, an
equivalent circuit model was developed and applied to the electrochemical behavior for all samples
before and after the removal of the organic layer. The equivalent circuit model is shown in Fig
5.4.10, below adapted from prior work publishing on the modeling of implant corrosion.32,77 The
equivalent circuit model relies on a modified Randle’s type circuit, as before, for the corrosion of
metal alloys. As shown in Fig 5.4.10.a, the model is constructed between the bulk solution and the
metallic surface. The model assumes a CPE in parallel with a resistor, representing the passivated
oxide/inner layer of the CoCrMo alloy. This is then connected in series with a similar modified
Randle’s circuit to represent an absorption/outer layer of the metal’s surface. This is then
connected in series to a resistor, representing the resistance of the surrounding solution and the
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interaction resistance between the absorption layer and solution.[147, 155] The model parameters
were fit using ZviewTM with all variables set to be free and positive. Therefore, the goodness of fit
test, χ2, is based on (n-1) = 6 degrees of freedom, DOF, as each resistor has one independent
parameter, and each CPE has 2 independent parameters. The exponent for each CPE was controlled
between 0 and 1. For 6 DOF’s a χ2 value of < 0.676 provides a confidence level of 99.5 %. As
illustrated in Table 5.4.1, all models have high goodness of fit. All χ2 values are < 0.02. Fig 5.4.10
b,c,d are provided as an example of the model’s fit to the experimental data. Fig 5.4.10 b,c,d
illustrates the model fit to an uncorroded/ base alloy sample in freshly prepared synovial fluid.
Only one model is illustrated to prevent redundancy, yet all models illustrate similar fit.
Table 5.4.1 is to be interpreted along with Fig 5.4.10. Table 5.4.1 represents the model fit
parameters as well as the calculated capacitance for each CPE. Capacitance calculations were
evaluated following the methods laid forth by V.D. Jovic on behalf of Gamry InsturmentsTM.[176]
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Figure 5.4.10: EIS equivalent circuit model fitting example graphs.

EIS equivalent circuit modeling for samples analyzed with Ag/AgCl reference electrode and
Pt counter electrode in freshly prepared model synovial fluid. a, Equivalent circuit model. b,
Comparison of positive real impedance (x-axis) and negative imaginary impedance (y-axis). c,
Total magnitude of impedance (y-axis) is plotted against frequency (x-axis). d, Phase angle (yaxis) is plotted against frequency (x-axis). Uncorroded Sample, representing an untested
sample.
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Table 5.4.1: EIS equivalent circuit model fitting parameters before and after ethanol
sonication

Equivalent circuit parameters of CoCrMo under the studied corrosion environments. Rsol,
solution resistance, Rabs, absorption/outer layer resistance, CPEabs, calculated capacitance of
the constant phase element for the absorption/outer layer, Rox, oxide/inner layer resistance,
CPEox, calculated capacitance of the constant phase element for the oxide/inner layer.
Uncorroded Sample, representing an untested sample. Sample A, shielded from electrical
activity. Sample B, subjected to 50 MHz 200 mVpp sine wave. Sample C, subjected to 25
MHz 200 mVpp square wave.

Prior to sonication, Sample A illustrates an increase in Rabs of nearly 2.5 orders of
magnitude and the smallest increase in the capacitance of the absorption layer when compared
against the other test samples. The exponent of the constant phase element in the absorption layer
of Sample A, remains near unity, indicating that the constant phase element is acting near to an
ideal capacitor. The significantly larger Rabs indicates an increased resistance to electrochemical
interaction between the surface of the metal and the simulated synovial fluid due to the presence
of the organic film and lack of surface protrusions. The equivalent circuit representing the oxide
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layer, displays lower Rox and increased CPEox when compared to the uncorroded samples. The
exponent of CPEox, nox, approaches a value of 0.5, which is representative of a Warburg diffusion
element. Therefore, it is assumed that there may be a minor diffusion process occurring at the
interface between the oxide layer and the organic film, consistent with prior literature.[147, 155]
Investigation of Sample B, on which corrosion was initiated via electrical activity at
50Mhz, reveals a Rabs which is an order of magnitude less than Sample A. Moreover, Sample B
demonstrates a capacitance of the absorption layer significantly greater than any other sample. The
constant phase element exponent of the absorption layer, nabs, is equal to ~0.85, indicating an
electrochemical behavior between an ideal capacitor, n=1, and a Warburg diffusion element,
n=0.5. The significantly larger calculated capacitance and decreased resistance of the absorption
layer indicates considerable activity between the solution, organic film, surface deposition
growths, and the underlying bulk metal. The circuit elements representing the oxide layer show
reduction in both Rox and CPEox when compared to Sample A and the uncorroded samples.
Additionally, nox~0.1 which signifies an approach toward resistive behavior, n=0, rather than
capacitive behavior. This result suggests that there is substantial ion exchange between the
absorption layer and the bulk metal, through the oxide layer. As such, the oxide layer appears to
have increased in electrochemical activity.
Sample C shows the lowest magnitude of Rabs of any corrosion sample and a CPEabs
between Samples A and B. The exponent of the absorption layer constant phase element n abs is
~0.32. Therefore, the absorption layer indicates a mixed behavior between an ideal resistor and
Warburg diffusion element. When comparing equivalent circuit parameters within the absorption
layer of Sample C against those of Sample A and B, Sample C clearly indicates heightened activity
between the solution and the deposition layer. Where test Conditions A and B resulted in samples
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that displayed Rabs orders of magnitude greater than an uncorroded, test Condition C resulted in
only a moderate increase of resistance. Sample C also demonstrates an Rox magnitude similar to
Sample B but with decreased capacitance, CPEox. The oxide layer of Sample C indicates
electrochemical behavior closer to that of an ideal capacitor when compared to other corrosion test
samples, with nox~0.82, allowing for significant charge separation.
Equivalent circuit model parameters were further investigated after the removal and
disruption of the organic film which was deposited on the metal’s surface during corrosion testing.
The following analysis is meant to provide an investigation into the electrochemical behavior of
corrosion samples when the substantial carbonaceous deposits are removed. Additionally, the
electrochemical impedance characteristics resulting from remaining surface deposits/topography
on Samples B and C may provide additional insights into the mechanism of action for this
electrochemical corrosion.
After sonication, Sample A shows a moderate increase in Rabs and a significant decrease in
CPEabs. The absorption layer behaves primarily as a capacitive layer, as nabs~0.8-0.9. The oxide
layer of Sample A indicates little change from the uncorroded sample, with a slight decrease in
magnitude of Rox and CPEox. Thus, after the removal of the organic film, Sample A indicates lower
electrochemical activity than the uncorroded sample, consistent with an increased passivation of
the material.[45, 103, 189]
A similar trend can be seen in the oxide layer of Sample B, post ethanol sonication. The
equivalent circuit parameters of the oxide layer match closely to that of Sample A and the
uncorroded sample. However, unlike Sample A, the absorption layer parameters show an increase
in Rabs and a significant decrease in CPEabs. nabs approaches unity after sonication, suggesting that
the constant phase element is primarily representing an ideal capacitor. The electrochemical
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findings of Sample B alone may suggest increased passivation or stable oxide formation. However,
the EIS analysis must also be considered in conjunction with the SEM and Raman analysis
presented previously to develop an understanding of electrical activity and the formation of wear
particles within the human body. From Raman spectroscopy, the primary electrochemical reaction
between solution and metal alloy resulted in the formation of Cr2O3 and Co oxide-based
compounds. Additionally, it was clear that Sample B produced greater quantities of such oxides
when compared to Sample A, Fig 5.4.7. If total amount of oxide formation was the only
consideration, these results may suggest a greater level of passivation under Condition B.
However, the total oxide formation is not the only factor pertaining to the generation of secondary
wear particles. The key, as it pertains to the generation of wear particles, is in the topography
difference between Sample A and Sample B. The slightly modified electrochemical reactions
present on Sample B, as indicated by the presence of Ca and P in Fig 5.4.1, resulted in the formation
of surface oxide outcroppings. Unlike Sample A, which demonstrated a uniform surface, Sample
B demonstrated significant, protruding surface growths. The presence of surface protrusions
increases the likelihood that micro-motion at the modular junction will produce particulates
capable of becoming embedded in surrounding tissue.
Consistent with the EIS analysis presented in Figs 5.4.8 and 5.4.9, Sample C represents a
significant change in electrochemical behavior when compared to the prior test conditions. Rox,
CPEox, and nox represent an oxide layer electrochemically similar across all test conditions,
including the uncorroded samples. However, Sample C shows significantly greater capacitance
within the absorption layer, CPEabs, which is orders of magnitude greater than the uncorroded
sample and all other test conditions after sonication. The increased capacitance indicates a much
greater potential for charging within absorption layer, thus strengthening the charge differential
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between the solution and the surface of the metal. Increased charge differential then enhances the
possibility for surface corrosion. Although the lining of each pit underwent a local passivation
event upon the removal of the surface film, the topography changes and localized oxidation state
changes, identified previously, increases the overall electrochemical interaction between the metal
and solution. Therefore, this EIS analysis and equivalent circuit model findings are consistent with
the presence of surface pitting and accelerated surface corrosion.[177, 190-193]
5.4.4 Summary and Conclusions

This section represents an in-depth investigation into the interaction of biocompatible
CoCrMo metal, low magnitude electrical excitation, and the resulting surface depositions. A
detailed comparative study is conducted on all test samples before and after the removal of the
organic/proteinaceous/carbonaceous deposition layer through sonication in ethanol. This work
provides insights on the interaction between the proteinaceous layer which forms on the metal
upon contact with simulated synovial fluid, electrical activity, chemical form of surface species,
and the topographical changes associated with each test condition. Electrochemical impedance
spectroscopy and equivalent circuit modeling was conducted to identify unique characteristics of
each corrosion mode. Three corrosion conditions were investigated and compared to uncorroded
base metal alloy samples. Each test condition was analyzed for two samples to ensure repeatability
of results. Each sample was subjected to a visual inspection of surface topography via SEM in
SED and BEC modes. The elemental and chemical composition of surface deposits was analyzed
through EDS and Raman Spectroscopy. The electrochemical behavior was then classified with
EIS and cyclic voltammetry. All experiments were performed; first: after sample cleaning in DI
water and second: again after sonication in ethanol for 20 min.
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Samples tested under Condition A, shielded from all electrical activity while in a mixture
of BS and DI water, showed no significant surface growths. Prior to ethanol sonication, the surface
was found to have uniform carbonaceous/proteinaceous deposition. After removal of this film, the
surface appeared the same as a newly prepared sample. Sample A presented a thickened oxide
layer, consisting primarily of Cr and Co oxides. Upon EIS analysis, the surfaces of Sample A
demonstrated increased, uniform passivation. Restriction of electrical activity prevented the
generation of any chemically complex surface protrusions. Sample A represents clear passivation
when submerged in simulated synovial fluid, as expected from CoCrMo.
Samples tested in the presence of electrical oscillation, similar in magnitude and frequency
to those which can result from ambient electromagnetic radiation as described in the Method
Section, indicate a strong interaction between the production of corrosion particulate matter and
electrical activity.
Sample B, subjected to sinusoidal oscillation at 50 MHz, demonstrated the formation of
protrusion growths from the surface of the CoCrMo samples. The primary surface growths were
oblong in shape and ~2-3μm in length. After sonication, the primary surface growths remained
firmly attached to the surface of the sample. Additional crystalline deposits could be seen after the
removal of the protein layer. Sample A indicated significant formation of Cr2O3, CoO, and minor
formation of Ca, P, Al containing compounds. The chemically complex surface deposits were well
attached to the metallic surface and formed above the prepared surface. The EIS analysis of Sample
B, prior to the removal of the organic film, indicated significantly greater interaction between the
organic layer and the metallic surface when compared to Sample A. However, Sample B, after
sonication, indicated decreased electrochemical activity upon EIS analysis when compared to
Sample A. This is a result of the substantial formation of Cr2O3 on the surface of Sample B.
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Although the EIS analysis showed potentially greater passivation, samples tested under Condition
B show significantly greater potential for the generation of wear particles. The deposition growths
on Sample B protrude from the surface, thereby increasing the possibility for the surface growth
to become embedded within the surrounding tissue as the patient moves.
Sample C, subjected to a square wave oscillation of 25 MHz, signifies the most drastic
interaction between electrical activity and corrosion of the metallic surface. Initial investigation,
prior to the removal of the organic film, revealed a non-descript surface with significant variation
in surface growth size, shape, and composition. Initial chemical analysis indicated the presence of
Cr and Co oxides, with significant Ca and P concentrations present. The surface polishing
striations were substantially covered by the organic film. After sonication, Sample C illustrated a
drastic change in surface topography. Sample C was shown to be dominated by the presence of
surface pits ranging in diameter up to 1 μm. In addition to the presence of surface pitting, many
surface growths, appearing crystalline in nature, remained attached to the surface after cleaning.
EDS and Raman spectroscopy revealed significant formation of Cr2O3, CoO, CoOH, molybdates,
Ca and P containing compounds, and Cr(VI). The electrical activity present on Sample C was
capable of not only initiating the generation of chemically complex surface growths but was
capable of inciting electrochemical reactions between the proteinaceous layer and metallic surface
which resulted in the formation of distinct pits.

5.5 Summary and Conclusions
The work presented throughout Chapter 5 provides foundation evidence on the interaction
between oscillatory electric fields and the electrochemical reactions occurring at the boundary
between organic deposits and the surface of implanted CoCrMo. Additionally, the results of this
section indicate that the frequency of electrical oscillation can significantly alter the chemical
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compositions of generated particulate matter and the topography of the underlying metal surface.
The effects of ambient electromagnetic radiation on the corrosion of implanted biocompatible
metal alloys have been largely neglected in literature. In a modern society, with increasing
proliferation of manmade electromagnetic radiation sources and increasing commonality of
implanted prosthetic joints, the mechanism of interaction between electromagnetic radiation and
biomedical implant corrosion requires significant future study and classification.

Chapter 6. Electrochemical Corrosion of Implanted CoCrMo and
TiAl6V4 Metals via Ambient Electromagnetic Radiation
6.1 Introduction
This section serves as an exploratory study into the possibility of generating surface growths,
matching the chemical composition recovered in vivo corrosion products, through ambient
electromagnetic radiation. The same electromagnetic radiation that the human body is subjected
to daily. Chapter 5 indicates the potential for low magnitude electrical oscillation to initiate the
growth of protruding surface corrosion products. It is theorized that ambient electromagnetic
radiation can induce electrical oscillations on the surface of implanted CoCrMo, sufficient to
initiate corrosion without mechanical wear.
The human body is a complex dynamic chemical, electrolytic, electrochemical, and electrically
conductive system. In modern society, with increasing manmade sources of electromagnetic
radiation, an implanted metal based prosthetic system can develop low amplitude electric
fluctuations.[110-112] The commonality of metallic implant usage is increasing, and therefore,
there is a growing need to understand all aspects influencing implant corrosion as they exist in the
working environment.[194] The total metal implants and medical alloys market was estimated at
11.25 billion USD in 2019 and projected to grow to 17.64 billion USD in 2024, expecting an
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average growth at a CAGR of 9.4%.[195] Additionally, the proliferation of electromagnetic
radiation is expected to continue to grow at exponential rates. With introduction of 5G technology
and advancements in the internet of things (IoT), the number of connected devices is expected to
grow beyond 38.6 billion devices by 2025. At the end of 2018, there was only an estimated 22
billion IoT devices.[196-200] Therefore, in a 7-year period the number of emf emitting devices
within household across the work is expected to increase by 75%, representing a significant
increase in manmade, electromagnetic radiation emitters.
This chapter investigates the surface products generated on CoCrMo, when subjected to, and
shielded from, ambient electromagnetic radiation when submerged in an accurate model of
synovial fluid. Additionally, the proximity of samples to one another while being subjected to
electromagnetic radiation is investigated. Test conditions are designed to explore the corrosion of
metal within and apart from the modular junction. Here, it is shown that ambient electromagnetic
radiation can induce sufficient electrical oscillations at the surface of the samples to generate the
formation of corrosion products. The surface protrusions formed are similar in chemical
composition to recovered in vivo products. Conversely, shielding metallic samples from
electromagnetic radiation prevents the formation of surface corrosion products. When shielded, a
simple carbonaceous and thickened oxide layer develops. The crystallographic structure of the
metallic surface remains unchanged from the baseline alloy. Ambient electromagnetic radiation
within a typical lab setting initiates the generation of distinct surface deposits, with altered
chemical composition and crystalline structure from the baseline alloy. Additionally, it is
demonstrated that if metallic samples are brought into direct contact with one another, the surface
electrical activity increases, simultaneously increasing the corrosion response. Experimental
analysis is presented in conjunction with equivalent circuit electrochemical impedance
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spectroscopy modeling in order to probe the electrochemical interaction between simulated
synovial fluid and each metal sample.

6.2 Corrosion Analysis of CoCrMo-CoCrMo Interfaces
6.2.1 Materials and Experimental Methods
Sample Preparation
The sample preparation follows closely to that of previous sections. It is repeated here for
the ease of the reader and quick reference within the Chapter. For additional details, refer to
Chapter 5, Sections 5.2.1 and 5.3.1.
The ASTMF1537 round stock was crosscut with a diamond cut-off blade which resulted in
a 4.5 mm thick disc, as before. The samples were then wet sanded to remove any surface
imperfections with a Buehler Metaserv 250 grinder/polisher and P400 grit silicon carbide wet
polishing paper. The samples were sanded down to 3.5 mm in thickness. The curved face of the
samples was further polished with P2500 grit silicon carbide wet polishing paper to develop a high
sheen which simulates the polished surfaces of a hip prosthetics found adjacent to the femoral
junction.
All samples were then cleaned in ethanol and rinsed in DI water. Samples were each placed into
a sterilized Pyrex petri dish and subsequently submerged in 100 mL of simulated synovial fluid.
Each petri dish was then covered with a Pyrex lid. The simulated synovial fluid was a 1:1 (by
volume) mixture of BS, purchased from Millipore SigmaTM (Prod No. 12306C), and DI water.
Bovine serum and deionized water have been previously utilized in published studies as an
accurate surrogate of human synovial fluid.[98, 47-48, 51-53, 103, 161-165] As before, any
elements identified during testing which are not reported in the metal samples or in the preparation
of samples, is assumed to be a result of the BS.
172

Corrosion Testing Procedure
The samples were subjected to ambient electromagnetic radiation within a standard
university laboratory, supplied with 60 Hz, 120V wall electricity and WiFi internet access.
Electrical activity, up to 100Mhz, was recorded with a 4 Channel Rigol Oscilloscope, furthermore,
high frequency electromagnetic radiation was measured in the vicinity of the test samples with a
Latnex HF-B8G meter. The HF-B8G is capable of measuring signals from ~10MHz-8GHz.
A bacteria culture of the simulated synovial fluid was taken at the start and end of corrosion
testing for each specimen. The bacteria culture was used to identify any bacterial contamination
of test results. No fluid sample exhibited bacterial growth at the start or end of testing.
Control specimens were then placed into a faraday cage, with a 0.006in copper mesh weave
and signal barriers between the test specimens, within an electrically shielded incubation oven at
37 °C for 30 days. Samples investigated for corrosion in response to ambient electromagnetic
radiation were placed on a warming plate within the laboratory, the simulated synovial fluid was
held at 37 °C for 30 days. Each corrosion test specimen was subjected to the ambient
electromagnetic radiation within the laboratory while being shielded from light exposure.
Although laboratory lighting has been reported to have little to no effect on BS [201], shielding
from light exposure was primarily utilized to mimic in vivo conditions. All baseline and test
conditions were repeated to produce 2 samples per test condition, ensuring reproducibility of
results.
Test Conditions
Three test conditions were investigated for ambient electromagnetic radiation driven
generation of corrosion products on implanted CoCrMo. Test condition A represents the baseline
for corrosion samples shielded from all ambient electromagnetic radiation within a shielded oven
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and faraday cage. Two samples were tested under condition A. The samples under test condition
B and C were subjected to ambient electromagnetic radiation within the laboratory. Samples were
placed on a benchtop within the laboratory outfitted with typical 60Hz 120V electrical outlets.
Samples were placed 15ft from the WiFi access point. All samples tested under conditions A, B
and C were shielded from visible light. Samples tested under condition B were placed within the
simulated synovial fluid such that the samples were not in direct electrical contact with any other
sample, spaced a minimum of 10mm apart. Samples under condition B are meant to simulate the
bulk material of the prosthetic, which is proximal to the modular junction but not directly in contact
with additional metal components. Samples in test condition C were placed such that two samples
were in contact when submerged in fluid. The contact between samples allowed for direct electrical
contact between samples. These test conditions were designed to investigate the possibility of
corrosion induced by ambient electromagnetic radiation at a modular junction, in which two
electrically conductive metals are pressed into direct contact.
All samples from conditions A, B, and C may be referred to simply as Sample A, B, and
C, respectively. The results shown are indicative of all samples tested at each condition.
At the conclusion of each test, the samples were removed from the testing solution and
rinsed with DI water. The samples were then gently wiped clean with KimwipesTM to remove any
loose material. Following this, the samples were rinsed again with DI water, dried, and bagged for
analysis. Samples were rinsed in DI water, instead of a more caustic cleaning agent, to prevent the
disruption of the organic film on the metals’ surface. It was believed that analysis with the organic
film intact may provide greater insight into the potential reaction mechanism found within an in
vivo setting. Moreover, recent studies have indicated that the composition of the
organic/proteinaceous deposition layer formed at the surface of the metal significantly influences
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corrosion.[43-44, 170] Although, there may be risk of bacterial contamination when clearing the
samples with DI water, no bacterial culture of any test fluid indicated contamination. Each sample
was analyzed via scanning electron microscopy, energy dispersive x-ray spectroscopy,
electrochemical impedance spectroscopy, and equivalent circuit modeling.
Induced Electrical Activity Characterization
Since the electrical activity of the corrosion samples was not prescribed by external
circuitry, but rather generated by transient electromagnetic fields found in the typical
laboratory/building environment, the electrical activity of each test condition must be identified.
To quantify the magnitude and frequency of electrical excitation, a 100Mhz Multi-channel Rigol
Oscilloscope was utilized. Symmetric cell measurements were recorded for each test condition.
That is, for each test condition, a differential signal was measured with both the oscilloscope probe
and reference probe contacting CoCrMo within the simulated synovial fluid medium. The
measurement therefore investigated the differential signal that existed at the interface between
metal samples within the solution. The signal was converted, using a discrete Fourier transform
within MATLAB, from the time domain to the frequency domain. A doubled sided, relative, power
spectral density (PSD) was calculated for each signal. Only the single, positive side of the PSD is
illustrated within the results section. The signal is known to be a real signal, and therefore, the
information contained within the negative frequency spectrum is redundant and therefore,
suppressed here.
Scanning Electron Microscopy Procedure
The samples underwent visual inspection under the SEM as well as an EDS analysis. A
JEOLTM JSM-IT100 was again used for analysis.
Electrochemical Impedance Spectroscopy Testing
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The electrochemical behavior of each sample was again characterized by a SolartronTM
1287/1260 EIS suite. For all EIS experiments shown here, a 3-probe method was utilized within
the simulated synovial fluid testing medium. The electrochemical testing cell used a standard
Ag/AgCl reference electrode and platinum counter electrode for all samples. All EIS
measurements utilized a reference potential of +0.197V for the Ag/AgCl reference electrode
emersed in a saturated solution of KCl. All EIS data presented has been area normalized to the
surface area of the working electrode (the test sample).
An EIS response frequency sweep, at 10 mV amplitude, was performed, using ZplotTM, on
each specimen from 1.0x106 Hz to 1.0x10-1 Hz at 10 mV, to characterize the electrochemical
properties of each specimen. The EIS frequency sweep tests were performed in the same batch of
freshly prepared simulated synovial fluid. In addition, cyclic voltammetry, at a sweep rate of 100
mV/sec from ̶ 0.8 V to +1.4 V referenced to Ag/AgCl electrode and open circuit voltage, was
performed on all samples in freshly prepared simulated synovial fluid, utilizing CorrwareTM
software in conjunction with the SolartronTM EIS suite. All test equipment was powered through
an AmetekTM power conditioner/stabilizer to prevent electrical building noise from interfering with
the test samples.
X-ray Diffraction Analysis Procedure
Each sample underwent an XRD analysis, as before, with a BrukerTM D2 Phaser XRD
system.
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6.2.2 Results and Discussion
6.2.2.1 Analysis Resultant Electrical Oscillations
Figure 6.2.1: Oscilloscope, a, and power spectrum, b, analysis of electrical activity between
samples at each test condition.
a

b

a, oscilloscope data of each test condition taken over 70 ms with a 100MHz Rigol Oscilloscope.
b, frequency power spectrum comparing the relative energy density of each test condition.
Sample A represents the control samples, shielded from electromagnetic radiation. Sample B
represents ambient electromagnetic radiation without samples in electrical contact. Sample C
represents ambient electromagnetic radiation with samples in electrical contact. All samples
were submerged in simulated synovial fluid.
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The study into ambient electromagnetic radiation inciting electrochemical corrosion of
implanted CoCrMo began with a characterization of the resulting electrical activity present on the
model samples. For each electrical signal presented in Fig 6.2.1, a differential measurement was
recorded via a 100MHz Rigol Oscilloscope. For each signal, both the probe and reference
electrodes were connected to CoCrMo samples within solution. The corrosion samples were
measured prior to the recording of electrical activity to ensure that all electrical measurements
between test conditions utilize the same total surface area and volume of CoCrMo. It is theorized
that the magnitude and frequency of electrical oscillation that occurs across the interface of metalon-metal junctions is a crucial factor in the generation of corrosion products. Therefore, no
additional reference electrode, such as an Ag Ag/Cl electrode, was used in obtaining the electrical
activity present on samples.

A standard reference electrode, however, is utilized in the

characterization of electrochemical impedance behavior. As such, any direct current offset in Fig
6.2.1 is a result of charging between samples submerged in simulated synovial fluid.
Sample A, protected from ambient electromagnetic radiation within a shielded incubation
oven and faraday cage, illustrates low electrical activity between samples. As shown in Fig 6.2.1a,
Sample A shows a peak-to-peak oscillation of ~15mVpp. The signal primarily contains high
frequency noise above the resolution limit of the oscilloscope centered near ~+10mV. The high
frequency electric field, 10Mhz-8GHz, present around Samples A within the faraday cage was
measured at an average value of 247 mV/m.
Samples tested under Condition B and C, Fig 6.2.1a, display significantly higher electrical
activity when compared to the baseline Sample A. The ambient, high frequency electromagnetic
field for Samples B and C was measured at an average of 1.736 V/m. Therefore, Samples B and C
were subjected to electric field magnitude more than 7X that of the baseline Sample A condition.
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The ambient electric field present within the laboratory was not modified or manipulated in any
way for this experimental setup. The magnitude of the ambient electric field recorded during this
study is consistent with the modern technologic landscape and working facilities.[109, 198, 200]
Sample B, Fig 6.2.1a, displays significantly great electrical activity when compared to
Sample A. Sample B has a substantial increase in high frequency noise at ~25mVpp. Additionally,
there is clear pulsing activity every ~15ms with a magnitude of ~50mVpp. Sample C shows similar
behavior to Sample B but at significantly greater magnitude. The high frequency noise on Sample
C is ~50mVpp, with cyclic pulsing every ~15ms at ~150mVpp. Samples B and C indicate
marginally lower DC offset when compared to Sample A, at ~5-8mV.
The relative PSD was then compared for each signal to determine the intensity of dominate
embedded frequencies within each signal. Fig 6.2.1b is truncated at 2000 Hz to illustrate the
variation of each signal with increased clarity. All samples contain significant noise above the
upper limit of detection for the 100MHz oscilloscope. As such, all samples show a dominant peak
at 100Mhz which overshadows all other frequency components. Moreover, in addition to the high
frequency noise, from the known ambient electric field, the corrosion samples showed significant
activity at a period of ~15ms. A period of 15ms is representative of ~60Hz, the frequency at which
all electrical power is supplied to typical buildings in the United States. Therefore, investigating
the electrical behavior around 60Hz may reveal significant findings in the propagation/creation of
electrical activity present on the corrosion samples.
Sample A, as expected, contained primarily high frequency components. However, minor
activity is present at 60Hz. Sample A did not display significant harmonics of the base 60Hz
component. The PSD for Sample B illustrated much greater activity. The cyclic pulses, in Fig
6.2.1a, are shown to contain frequencies centered at 60 Hz and associated harmonics. The relative
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power density is substantially greater than in Sample A. Additionally, Sample B shows electrical
activity at higher harmonics of 60 Hz, specifically at the 2nd-6th harmonics. Sample C, shown in
green Fig 6.2.1b, demonstrates a similar initial pattern as that seen in Sample B, but with
magnitudes 2-3X larger. However, Sample C demonstrates higher harmonics of the base 60Hz
oscillation. Where the frequency spectrum of Sample B approached zero beyond frequencies of
~360Hz, Sample C indicates a continued, repetitious pattern. Sample C indicates a significant
increase in power beginning again at 540 Hz, the 9th harmonic. The increased spectral power
density continues to appear out to the 15th harmonic. The signal remains near zero until the 18th
harmonic, where the signal increases again and persists to the 24th harmonic. This pattern, of 7
energetic harmonics followed by 3 dormant harmonics, continues beyond 15kHz. Moreover,
additional intermediate frequency components, not attributed to harmonics of 60Hz, begin to
develop after 1.6kHz, as shown in Fig 6.2.1b.
Therefore, the contact and resulting interface between metal samples substantially
increases the overall electrical activity, and the frequency components present within the signal. If
ambient electromagnetic radiation can sufficiently increase the interaction between the
proteinaceous layer and metal alloy, it may induce the generation of corrosion products on
implanted CoCrMo. Moreover, the heightened electrical activity present on Sample C is predicted
to result in increased corrosion activity when compared to Sample B. Therefore, the material
within modular junction is more likely to suffer from this electrically induced electrochemical
corrosion phenomenon than the rest of the implant. Prior retrieval studies have discovered
considerably more corrosion product generation at the modular junctions of the implant when
compared to the bulk material adjacent to modular junctions.[41, 99] Originally the increased
corrosion was contributed, primarily, to micro-motion and mechanical degradation of the
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passivated oxide layer followed by crevice corrosion within the modular junction. However, a
recent study[12, 13] has identified oscillatory electrical activity has a tertiary mechanism for
accelerating corrosion on implanted CoCrMo. Therefore, the increased electrical activity induced
when samples are in contact with one another under ambient electromagnetic radiation, as shown
in Sample C Fig 6.2.1, may provide evidence of increased electrically driven corrosion at modular
junctions in addition to traditional fretting and crevice corrosion. The following work investigates
if and how ambient electromagnetic radiation and resulting electric potential oscillations can
manipulate the corrosion behavior of CoCrMo.
To identify and characterize the corrosion response of sample CoCrMo each sample will
be studied via SEM, EDS, XRD, EIS, and equivalent circuit modeling. A comparative discussion
between samples will be included after each figure, followed by general conclusions at the end of
the section.

181

6.2.2.2 Scanning Electron Microscopy Results
Figure 6.2.2: Scanning electron microscope (SEM) secondary electron detector (SED) image
of samples.

Sample A
Sample B
Sample C

Sample A, SED-SEM image of Sample A at x1,200 magnification. Sample B, SED-SEM
image of Sample B at x1,9000 magnification. Sample C, SED-SEM image of Sample C at
x1,500 magnification.
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Fig 6.2.2 gives SEM-SED images which are characteristic of the surface of all samples
tested at each condition. Fig 6.2.2 illustrates the dominate surface modification found across each
test conditions. Sample A, which was shieled from ambient electromagnetic fields within a faraday
cage and isolated oven, showed little to no surface modification. The P400 grit sanding/polishing
striations are clearly visible. There are no protruding surface growths. Some localized darkening
is evident across the surface. The darkened spots are later confirmed to be accumulations of
proteinaceous carbon onto the surface, as expected. Upon immersion within the simulated synovial
fluid, the BS solution, the metal is anticipated to experience a thickening of the passivated oxide
layer and the formation of a proteinaceous/carbonaceous film atop the oxide.[45-46, 49, 103, 147,
162, 170, 202] Sample A, as theorized, shows little corrosion activity when compared to samples
subjected to ambient electromagnetic radiation.
Sample B, subjected to ambient electromagnetic fields within the laboratory but not in
electrical contact with additional samples, exhibits significantly greater solution-surface
interaction than Sample A. In Fig 6.2.2, Sample B, there is the clear formation of deposition
growths, protruding sharply from the surface of the metal. The depositions range in diameter from
~0.5 µm - 7 µm. The larger surface growths, on the order of 2-7µm, are interspersed with the
smaller depositions, on the order of 0.5-1 µm. Within the larger surface growths, there appears to
be two distinct growth formation types. The first is characterized by a discrete spherical or
elongated spherically shaped growth, on the order of 2-3 µm in major diameter. These growths
appear in clusters or in isolation on the metallic surface. An example of this surface growth is
circled with a solid red line in Fig 6.2.2, Sample B. The second type of surface growth found on
the surface of Sample B is marked by considerable disorder in shape. An example of the second
classification of surface growth is circled with a dotted red line in Fig 6.2.2 Sample B. This type
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of surface growth appears to grow non-uniformly outward from a central nucleation site. The
surface of this deposition appears highly textured and jagged in nature. Further analysis on
chemical composition and crystalline structure may indicate if either type of surface protrusion is
representative of a precursor to a secondary wear particle.
Sample C, in which two CoCrMo samples were in contact while in the presence of ambient
electromagnetic radiation, exhibits the greatest surface modification. As illustrated in Fig 6.2.2,
Sample C, the surface shows significant large-scale deposition. The polishing/sanding striations
from sample preparation are no longer evident in the upper left-hand corner of the image. The
surface displays protrusions ranging from 1 – 60 µm. It is theorized that the increased electrical
activity, as a result of the physical arrangement of samples, increased the electrochemical
interaction between the metallic surface and the simulated synovial fluid. The largest surface
growths, in the upper left-hand corner of the image, indicate considerable charging. Electron
charging is evident from the bright white color of these growths when viewed through SEM-SED.
It is therefore expected that these large growths are primarily nonconducting, disordered, organic
based depositions. However, outside of the large surface mass, there is clear evidence of smallscale surface growths. Oriented primarily along the polishing grooves, there are protruding surface
growths on the order of 1-2 µm. Sample C displays significantly greater production of surface
depositions when compared to Sample B. Although Sample C exhibits a greater magnitude of total
surface deposition, both Samples B and C illustrate similar characteristics of deposits at the 1-2
µm scale, as described above.
Moreover, Sample A represents a stark contrast to both Samples B and C. Sample A
exhibits almost no surface deposition or interaction with the test solution, whereas Samples B and
C both exhibit a clear formation of surface protrusions. The presence of ambient electromagnetic
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radiation appears to induce substantial electrochemical interaction between the CoCrMo and
simulated synovial fluid, resulting in the growth of precursor wear particles. Additionally, the
magnitude of electrical activity induced on the sample seems to correlate to the magnitude of
surface deposition growth. Conversely, shielding of electromagnetic radiation prevented the
formation of deposition growths. The chemical and structural form of the deposited growths will
be further analyzed to determine if they match that of recovered wear corrosion products.
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6.2.2.3 Energy Dispersive X-Ray Spectroscopy Analysis
Figure 6.2.3: EDS analysis of test samples.

Grayscale mapping of surface elemental compositions. Darker shades represent lower
concentrations of the specified element, whereas lighter shades indicate higher concentrations
of the specified element. Sample A, shielded from electrical activity, shows little elemental
change from the base alloy. Sample B, subjected to isolated electromagnetic radiation, shows
significant surface modification. Sample C, subjected ambient electromagnetic radiation in
contact with one additional sample, shows the greatest variation in elemental composition.
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In an order to identify the surface elemental composition of each corrosion test specimen,
each sample was analyzed via EDS, Fig 6.2.3. The EDS analysis shown in Fig 6.2.3 corresponds
to the same location, sample, and magnification of images presented in Fig 6.2.2. These locations
are characteristic of all surface modifications found for each sample condition. The results shown
are representative of the average condition across all samples per test condition. The JEOLTM
JSM-IT100 utilizes an autodetection function for each element unless specified by the user. EDS
analysis of samples from test conditions B and C relied on the use of the autodetection of elements.
During the original analysis of Sample A, the JEOLTM JSM-IT100 did not detect P or Ca. However,
since Samples B and C indicated significant contributions of P and Ca, P and Ca color mapping
was forced on for additional analyses of Sample A. The EDS analysis was then repeated for Sample
A. The final EDS analysis for samples tested under Condition A is shown in Fig 6.2.3 with P and
Ca forcibly investigated.
As expected, Sample A does not show substantial addition of any element beyond carbon.
The EDS analysis of Sample A indicates that the surface is primarily the base metal elements: Co,
Cr, and Mo. The samples show significant addition of carbon, correlating to the darkened areas
previously identified in Fig 6.2.2. The CoCrMo alloy naturally forms an oxide layer [45-46, 49,
147, 202] while in contact with air, and therefore, displays oxygen as a minor component.
Additionally, the EDS indicates a potential presence of P and Ca within the organic film. However,
there is no definition within the color map, suggested very low, if any concentration. Again, the
JEOL software was specifically instructed to search for the presence of P and Ca, even though the
detection algorithm did not identify sufficient concentrations required for the EDS mapping. Minor
components of N and Si were also detected. Si is reported within the base metal alloy, Table 5.3.1,
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in low concentration. Therefore, the detection of Si is not considered to be the result of corrosion
interaction, but simply a local Si rich pocket from manufacturing.
Sample B shows significant elemental change in surface composition. All elements
identified via EDS analysis indicated elemental weight concentration above 1%wt across the
mapped surface. The base elements of the metallic sample, Co, Cr, and Mo dominate the EDS
color mapping. The samples additionally show significant concentrations of C, O, P and Ca. The
surface growths identified previously in Fig 6.2.2, Sample B, show concentrations of Cr, O, P, Ca,
and C. Analyzing the color mapping of elements, there is strong correlation between Cr and O
within the surface growths. Moreover, the surface deposits illustrate varying concentration of Ca,
P, and C. The clear definition and strong correlation between Cr and O within the deposits,
suggests the formation of Chromium oxides as the primarily surface manipulation. Furthermore,
this suggests that the elemental composition change is localized within the surface growths.
Therefore, the presence of ambient electromagnetic radiation initiates the generation of corrosion
products above the surface of the metallic samples. The elemental composition present on Sample
B is consistent with retrieval studies of in vivo wear products. The primary corrosion product
identified in in vivo studies is Cr2O3 in the presence of Ca and P compounds.[105, 171-172] Urban
et al. reported the analysis of retrieved wear particles consisted primarily of chromium oxide and
chromium phosphate, with varying degrees of Ca and Co present.[105] Hart et al.[106] in 2010,
Xia et al.[41] and Oskouei et al.[39] in 2017, and Eltit et al.[99] in 2019, all report significant
findings of chromium oxides and chromium phosphates in the secondary wear particles recovered
from implanted CoCrMo.
Sample C was then investigated to identify if the growths showed similar elemental
composition to Sample B, or if the increased electrical activity of Sample C altered the elemental
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profile of deposition growth. As illustrated in Fig 6.2.3, Sample C contains all the elements
identified in Sample B, along with N, Na, Mg, and trace amounts of Si. As discussed previously
the detection of Si is assumed to result from the base metal stock. The large growth, identified in
the upper left-hand corner of Sample C in Fig 6.2.2, contains primarily Cr, O, and C, with varying
N content. However, the changes in elemental composition are not limited to the large deposits,
nearly the entire surface suggests significant chemical change. There is clear addition of and
correlation between O, P, and Ca and the base metal elements outside of the large surface
protrusions, Fig 6.2.3 Sample C. Sample C also displays concentrations greater than 1%wt of Na
and Mg. The mapping of relative Na and Mg concentration appear to coincide with those of Ca
and P. In contrast to Sample B, where elemental change was concentrated within the surface
growths, Sample C demonstrates a sweeping elemental change across the entire surface.
Additionally, Sample C demonstrated greater elemental variation when compared to all other
samples. Therefore, it is theorized that the heightened electrical activity present on samples in
testing Condition C, considerably increased the electrochemical interaction between the metal
sample and simulated synovial fluid.
To quantify the elemental change on the surface of each sample and expand the qualitative
discussion provided above, the EDS spectrum, mass, and atom concentration is presented in Fig
6.2.4. The results presented in Fig 6.2.4 should be analyzed as semi-quantitative. This is because
quantitative EDS analysis may not be precisely accurate for lighter elements, such as carbon.
However, the results in Fig 6.2.4 are of sufficient reliability to accurately compare the elemental
concentration variation between test conditions.
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Figure 6.2.4: Energy spectrum images and semi-quantitative elemental analysis table from
EDS.

Elemental spectrum and semi-quantitative analysis arising from EDS analysis. Sample A,
shielded from electrical activity, shows less than a 10% elemental change from the base alloy.
Sample B, subjected to isolated electromagnetic radiation, shows significant, greater than a
13% change in elemental concentrations. Sample C, subjected to ambient electromagnetic
radiation in contact with additional samples, shows the greatest variation in surface elemental
composition, greater than 45%. Element Composition table shows the mass percentage and
atom percentage composition of each element arising from the energy spectrum, in a semiquantitative form.
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The semi-quantitative EDS analysis demonstrates drastically different concentrations in
elemental composition for each test condition. All metallic samples, prior to corrosion testing,
contained 65.1%wt Co, 27.8%wt Cr, and 5.5%wt Mo. Any considerable departure from these
values is a result of surface deposition and interaction with the simulated synovial fluid. The weight
percentage values reported in Fig 6.2.4 are considered semi-quantitative, as mentioned previously.
The EDS software automatically adjusts percentages to ensure that total mass sums to 100%.
Therefore, the values presented in Fig 6.2.4 are discussed in relative concentration and not
discussed in absolute terms. The EDS spectrum of all test conditions are provided to demonstrate
the relative intensity and uniqueness of signal peaks obtained during analysis. The scale of y axis
within the EDS spectrum of Sample A has been adjusted to show the minor peaks identified for P
and Ca. If the scale was not adjusted, the reader would be unable to discern the Ca peak. EDS
spectrum of Samples B and C are presented with the same scale for ease of comparison between
samples.
Samples shielded from electromagnetic radiation, Sample A, exhibit the smallest departure
from base metal elements. Total concentration of elements other than Co, Cr, and Mo is shown to
be less than 10 %wt. The primary addition is 6-7%wt of carbon. O, P, Ca, N and Si account for
~2.5%wt of the total surface deposition. Additionally, the N peak, as labeled in the EDS spectrum,
may not truly be a unique peak. Unlike in Sample C, which clearly indicates a precise N peak, the
peak in Sample A may be noise from within the following Cr-O peak. As expected, Sample A,
shows the addition of a predominantly carbon proteinaceous/organic layer.
The semi-quantitative EDS analysis of Samples B and C continues to validate the previous
discussion and the assumption that ambient electromagnetic radiation can induce the development
of corrosion products on CoCrMo. Sample B shows a moderate decrease in carbon content when
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compared to Sample A, containing ~ 4%wt. O, P, and Ca concentration is approximately 7-9X
greater on Sample B. The introduction of ambient electromagnetic radiation has allowed for the
noticeable alteration of the elemental intensity, indicative of corrosive and electrochemical
activity, on the surface of the metal.
Sample C illustrates the most drastic modification of surface composition amongst all
corrosion samples. Elements not found within the base metal; namely C, O, P, Ca, N, Na, and Mg;
account for over 45%wt of the surface elements. The surface of Sample C contains approximately
2-3%wt more P and Ca, ~9%wt more O, and ~13%wt more C, when compared to Sample B.
Additionally, there is a nonnegligible presence of N, Na, and Mg. Allowing corrosion samples to
be in direct contact while being subjected to ambient electromagnetic radiation has resulted in a
substantial increase in electrochemical activity. Not only does Sample C illustrate a heightened
formation of surface products, but also indicates that increasing electrical activity can alter the
potential reaction elements, as demonstrated by the addition of Na and Mg.
6.2.2.4 X-Ray Diffraction Classification
The samples were then investigated via XRD to elucidate any crystalline form of the
protruding surface growths of Samples B and C. The XRD spectrums are further compared to that
of an untested sample. The curve labeled as “Base Alloy” in Fig 6.2.5, represents an untested
sample of CoCrMo. This untested sample of CoCrMo was prepared in an identical fashion to the
corrosion test samples but was never subjected to simulated synovial fluid or corrosion testing of
any kind.
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Figure 6.2.5: XRD analysis of test samples.

Base Alloy, representing an untested sample, displays a diffraction pattern with peaks at 2θ
equal to 41.3°, 44.1°, 47.1°, 51.0°, and 75.1°. Sample A, shielded from electrical activity,
displays a diffraction pattern with peaks at 2θ equal to 41.3°, 44.1°, 47.1°, 51.0°, and 75.1°.
Sample B, subjected to isolated ambient electromagnetic radiation, displays a diffraction
pattern with peaks at 2θ equal to 41.3°, 44.1°, 47.1°, 51.0°, and 75.1°, with a minor peak
beginning at 79.3°. Sample C, subjected to ambient electromagnetic radiation in contact with
additional samples, displays a diffraction pattern with peaks at 2θ equal to 36.0°,39.0°, 41.3°,
44.1°, 47.1°, 51.0°, 75.1°, 79.3°, and a large, broad peak between ~65°-75°.
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As illustrated in Fig 6.2.5, the Base Alloy displays a diffraction pattern with peaks at 2θ
equal to 41.3°, 44.1°, 47.1°, 51.0°, and 75.1°. The diffraction pattern is consistent with prior
published work[161], identifying the material as FCC γ-(Co, Cr, Mo) and HCP ε-(Co, Cr, Mo),
as before. [39, 49, 145-146, 173] All peaks relating to the γ and ε phases of the untested sample of
ASTM F1537-CoCrMo are labeled as such, along with the appropriate miller indices in Fig 6.2.5.
The XRD diffraction pattern for Sample A, shielded from electrical activity within
simulated synovial fluid, shows no significant change when compared to the base alloy. There is
no creation of additional peaks, nor any noticeable modifications in the magnitude, shape, or
location of any peak. Therefore, it is concluded that no crystallographic structure change occurred
in the metal alloy within the simulated synovial fluid. Samples tested under Conditions A simply
witnessed the formation of a carbonaceous layer upon submersion in simulated synovial fluid. The
CoCrMo appeared to remain passive over the test duration when shielded from electrical activity.
Exposure to ambient electromagnetic radiation begins to introduce changes into the XRD
diffraction spectrum. Sample B, shown in red, Fig 6.2.5, illustrates a significant departure from
the Base Alloy and Sample A. Consistent with in-vivo corrosion product retrieval analysis, the
samples show the original diffraction pattern with the creation of additional peaks.[39, 41, 173]
Sample B maintains the original diffraction pattern with the addition of a peak at 79.3°, labeled
with interplane spacing d=1.206Å. Additionally, there is a slight decrease in relative signal
intensity in the ε-(102) and γ-(200) peaks. Sample C expounded a greater departure from the
diffraction pattern of the base alloy. The diffraction pattern of Sample C shows the formation of
peaks at 36.0°, 39.0°, 79.3°, and a large, broad peak between ~65°-75°, in addition to all original
CoCrMo peaks. Peaks at 2θ equal to 36.0°, 39.0°, and 79.3° are labeled with interplane spacing
d=2.492Å, d=2.307Å, and d=1.206Å, respectively. The broad peak is labeled as * in Fig 6.2.5.
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The broad peak is indicative of an amorphous surface deposition. The amorphous peak is a result
of the substantial protein accumulations, identified previously on Sample C. Although significant,
the amorphous peak does not directly represent corrosion behavior. It does, however, suggest that
samples tested under Condition C had a much greater interaction between the fluid and metallic
surface, as samples tested under Condition C were the only samples to exhibit such a great
amorphous peak. The discussion of corrosion, therefore, will be concentrated on the formation of
peaks at 2θ=36.0º, 39.0º, and 79.3º. The common peak, shared between Sample B and Sample C,
at 2θ=79.3º, d=1.206Å is indicative of the formation of Cr2O3.[39, 203] Identification of chromium
(III) oxide as the leading corrosion product is consistent with numerous retrieval studies of in vivo
samples and in vitro fretting corrosion studies.[39, 41, 99, 105-106] When comparing Sample B
and Sample C, Sample C clearly illustrates a significantly greater peak at 2θ=79.3º, d=1.206Å.
This could simply result from an increased formation of Cr2O3. However, Sample C also displays
the formation of identifiable peaks at 2θ=36.0º, d=2.492Å and 2θ=39.0º, d=2.307Å. The presence
of these peaks is consistent with significant Cr2O3 formation, but could also potentially indicate
the presence of CrO3 or Cr (IV) containing compounds.[161, 204-205] The existence of Cr (VI)
containing compounds have been identified in prior in vitro fretting and crevice corrosion studies,
and have been suggested as a potential source of tissue necrosis within in vivo tissue studies.[206208] Cr (VI) metal ion concentrations have been identified, in small concentrations, in the blood
of arthroplasty recipients.[206-207] However, identification of Cr (VI) compounds within
retrieved tissue samples containing corrosion products is difficult due to its high reactivity and
solubility within the implanted environment.[208] Further study and classification is required to
differentiate Cr (III) and Cr (VI) within the corrosion samples presented within this work. This
work is meant to investigate the potential of ambient electromagnetic to incite the growth of
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corrosion products, and therefore the additional testing to determine to what extent the surface
protrusions contain Cr (III) or Cr (VI) is beyond the scope of this work.
All samples subjected to ambient electromagnetic radiation demonstrated significant
crystallographic change. Whereas, samples shielded from electromagnetic radiation, while all
other test conditions were held constant, indicated no change from the base CoCrMo alloy. No
samples presented here were subjected to any form of mechanical wear after being placed in
simulated synovial fluid to begin testing. Contrary to fretting based corrosion theory, mechanical
wear was not required to initiate the formation of corrosion products. Samples B and C both
illustrate formation of Cr2O3, with varying concentrations of Co, Ca, and P, which is consistent
with previously published studies on in vivo and in vitro corrosion products.[39, 41, 99, 105-106,
208] The presence of ambient electromagnetic radiation could induce electrical activity at the
surface of the samples, sufficient to initiate the growth of surface corrosion products.
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6.2.2.5 Electrochemical Impedance Spectroscopy Characterization and Modeling
Figure 6.2.6: Area normalized Electrochemical impedance spectroscopy (EIS) analysis and
cyclic voltammetry in freshly prepared simulated synovial fluid. EIS analysis utilizes a
standard Ag/AgCl reference electrode and Pt counter electrode.

The uncorroded sample represents a freshly prepared, non-corroded test specimen. Sample A
was shielded from electrical activity, Sample B was subjected to isolated ambient
electromagnetic radiation, and Sample C was subjected ambient electromagnetic radiation in
contact with other corrosion samples. a, Comparison of positive real impedance (x-axis) and
negative imaginary impedance (y-axis). b, Total magnitude of impedance (y-axis) is plotted
against frequency (x-axis). c, Phase angle (y-axis) is plotted against frequency (x-axis). d,
Cyclic voltammetry analysis of samples at 100 mv/sec sweep from -0.8V to +1.4V relative to
open circuit potential between the reference and working electrode.
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At the conclusion of corrosion testing, all samples were investigated for changes in
electrochemical impedance behavior against that of an uncorroded test sample. The
electrochemical impedance spectroscopy analysis presented in Fig 6.2.6 is area normalized to the
surface area of each sample. The variance in surface area of all corrosion test specimens is s2
<0.0023. The EIS curves representing each testing condition is indicative of all samples tested
under that condition. All EIS measurements were repeated four times for each sample to ensure
reproducibility of results. The experimental setup utilized the same batch of BS for all samples, a
standard Ag/AgCl reference electrode, and a standard Pt (99.99% pure) counter electrode. All
corrosion samples, Sample A, B, and C, are compared against an untested sample, prepared in an
identical manner to all corrosion samples, labeled as “Uncorroded Sample” in Fig 6.2.6. The
uncorroded sample was placed within the simulated synovial fluid and allowed to equilibrate for
30 min. Prior to EIS testing, the uncorroded sample had never been exposed to simulated synovial
fluid. The EIS results are presented below in Fig 6.2.6.
The Nyquist and Bode plots are shown in Fig 6.2.6 a-c, followed by a cyclic voltammetry
study in Fig 6.2.6d. Nyquist plots, Fig 6.2.6a, for all samples are dominated by a semicircular
pattern with centers depressed below the x axis, indicating non-ideal capacitive behavior by all
samples. The Nyquist plots all decrease in curvature as lower frequencies are approached, implying
a diffusion limited process within the double layer formed at the metal’s surface. The
electrochemical behavior of all samples is dominated by organic film present on the surface of the
corrosion samples. As such, samples are expected to illustrate behavior consistent with organic
deposition and the general trend for all samples is expected to be similar. However, any differences
in electrochemical behavior between test conditions may identify key aspects of interaction
between the metal, organic film/absorption layer, and the surrounding fluid.
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Sample A nearly parodies the behavior seen in the uncorroded sample. The imaginary
versus real impedance response of Sample A overlays that of the uncorroded sample for the
majority of data points. As lower frequencies are reached, Sample A appears to continue along the
same trajectory of the uncorroded sample, reaching a higher magnitude in both negative imaginary
and real impedance. A similar trend is present in Fig 6.2.6b, when comparing Sample A and the
uncorroded sample. Sample A overlays the uncorroded curve at high frequency but illustrates a
greater magnitude in total impedance at frequencies below 102 Hz. When analyzing the phase angle
between voltage and current, Fig 6.2.6c, Sample A indicates a larger divergence from the
uncorroded behavior than previously demonstrated in Fig 6.2.6a,b. Sample A’s phase behavior
only matches that of the uncorroded sample at frequencies above 104 Hz. At moderate frequencies,
~101 -104Hz, Sample A shows a shift toward more capacitive behavior, a shift toward a phase
angle of -90º. At frequencies below 101 Hz, a shift toward resistive behavior, toward 0º, is evident
relative to the uncorroded sample. The EIS analysis of Sample A indicates similar behavior to the
uncorroded sample and is consistent with the formation of an amorphous organic carbon layer
above the metal oxide layer.[103, 162, 176] The cyclic voltammetry study of Sample A further
supports the hypothesis that shielding of electromagnetic radiation prevents electrochemical
reactivity and the generation of corrosion products. The current vs potential plot illustrates
significantly lower current for Sample A at applied potentials below 0.7V, when compared to the
uncorroded sample. However, at applied potentials greater than 0.7V, Sample A illustrates
heighted anodic activity. The oxidation activity present in the trace of Sample A is greater than all
other corrosion samples and the uncorroded samples. The surface of Sample A is therefore able to
readily accept oxygen, most likely thickening the oxide layer present on CoCrMo.
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Samples B and C begin to demonstrate significant changes in electrochemical behavior
when compared to the uncorroded sample. Both Samples B and C, Fig 6.2.6a, illustrate a decrease
in magnitude of negative imaginary impedance and an increase in magnitude of positive real
impedance. Both test conditions retain the semi-circular pattern with centers depressed below the
x-axis, indicative of non-ideal capacitive behavior. Samples tested under Condition C have
slightly greater capacitive behavior, as seen in the slightly greater magnitude of negative imaginary
impedance, at low frequencies when compared to Condition B.
Analysis of the Bode plots, Fig 6.2.6 b c, indicate significant differences between samples
subjected to the same ambient electromagnetic radiation when separated from other samples and
when in direct contact with another sample. Sample B indicates the lowest magnitude in total
impedance at frequencies above ~102.8, Fig 6.2.6b. Additionally, samples tested under Condition
B exhibit the greatest shift toward capacitive behavior in the moderate frequency range, ~101 104Hz. However, at frequencies below ~100.1 and above ~104.3 Hz, Sample B indicates the greatest
resistive behavior. During the cyclic voltammetry study, Sample B shows decreased activity when
compared to the uncorroded samples and Sample A. However, Sample B appears to show a mild
shift toward cathodic potentials and demonstrates the lowest anodic activity of any sample tested.
The electrochemical behavior of samples tested under Condition C, differs from all other
test conditions. At frequencies above ~100.1 Hz, Sample C displays the greatest magnitude of total
impedance. Prior discussion theorized that the increased electrical activity present on these
samples substantially increased the interaction between the metal sample and surrounding solution,
leading to increased deposition. The deposition contains increased quantities of both amorphous
and crystalline corrosion products. As such the increased magnitude of total impedance is not
unexpected. Samples tested under Condition C continue to illustrate unique characteristics when
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analyzing the phase angle. At frequencies below ~101.1 Hz, Sample C shows significantly greater
resistive behavior when compared to the uncorroded sample and Sample A. Sample C continues
to have greater resistive characteristics when compared to Sample B, up to ~102 Hz. At which
point, Sample C demonstrates increasing capacitive behavior. At frequencies greater than
~104.1Hz, Sample C has the greatest capacitive behavior compared to any other samples tested. In
the cyclic voltammetry study, Sample C shows significantly decreased activity when compared to
the uncorroded sample. Sample C, maintains moderate anodic activity, illustrating a peak anodic
current between that of Samples A and B.
To provide a quantitative discussion of the changes illustrated in the EIS analysis, Fig 6.2.6,
equivalent circuit modeling was applied to the electrochemical behavior for each sample. The
equivalent circuit model is shown in Fig 6.2.7, below, and adapted from prior work in
electrochemical modeling of implanted metal corrosion.[162, 176, 208] All model simulations
displayed a χ2 value of < 0.14, providing a confidence level greater than 99.5 %. Fig 6.2.7 b,c,d
are provided as an example of the model’s fit to the experimental data. Fig 6.2.7 b,c,d illustrates
the model fit to an uncorroded/ base alloy sample in freshly prepared synovial fluid. As before,
only one model is illustrated to prevent redundancy, yet all models illustrate similar fit.
Table 6.2.1 is intended to be interpreted along with Fig 6.2.7. Table 6.2.1 represents the model
fit parameters as well as the calculated capacitance for each CPE. Capacitance calculations were
evaluated following the current literature. [177]
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Figure 6.2.7: EIS equivalent circuit model fitting example graphs

EIS equivalent circuit modeling for samples analyzed with Ag/AgCl reference electrode and
Pt counter electrode in freshly prepared model synovial fluid. a, Equivalent circuit model. Rsol,
solution resistance, Rabs, absorption/outer layer resistance, CPEabs, constant phase element of
the absorption/outer layer, Rox, oxide/inner layer resistance, CPEox, constant phase element of
the oxide/inner layer.
b, Comparison of positive real impedance (x-axis) and negative
imaginary impedance (y-axis). c, Total magnitude of impedance (y-axis) is plotted against
frequency (x-axis). d, Phase angle (y-axis) is plotted against frequency (x-axis).
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Table 6.2.1: Equivalent circuit parameters of CoCrMo under the studied corrosion
environments.

Rsol, solution resistance, Rabs, absorption/outer layer resistance, CPEabs, calculated
capacitance of the constant phase element for the absorption/outer layer, Rox, oxide/inner
layer resistance, CPEox, calculated capacitance of the constant phase element for the
oxide/inner layer.
All EIS experiments were conducted utilizing the same batch of simulated synovial fluid.
As such, all equivalent circuit models indicate similar values for solution resistance, as expected.
As projected from prior analysis and the EIS measurements presented in Fig 6.2.6, Sample
A does not indicate significant change from the uncorroded samples. Sample A illustrates a minor
decrease in oxidation layer capacitance and resistance. The exponent, nox, of the oxidation layer
decreases by ~0.06. A CPE exponent of n=1 models an ideal capacitor, n=0.5 models a Warburg
diffusion element, and n=0 models the behavior of an ideal resistor. Varying the exponent behavior
accounts for non-ideal behavior among these three EIS equivalent circuit elements. Therefore, the
decrease in nox of Sample A indicates a shift toward diffusive behavior within the oxide layer.[176,
209] The absorption layer indicates a similar magnitude of capacitance and a decrease in resistance.
Samples from Condition A are the only test specimens to indicate a decrease in Rabs, relative to the
uncorroded sample. During all other test conditions, when samples are subjected to ambient

203

electromagnetic radiation, there is a clear increase in Rabs. Additionally, the exponent of CPEabs,
nabs, suggests a potential increase in capacitive behavior, as the exponent approaches 1.
Sample B exhibits a decrease in resistance and capacitance within the oxide layer, as shown
by Rox and CPEox, respectively. Moreover, the equivalent circuit elements representing the oxide
layer show an increased shift toward a Warburg diffusion element with nox=0.827, down from
nox=0.892 for the uncorroded sample. The most drastic change is seen in the analysis of the
absorption layer of Samples B. Consistent with the EIS results presented in Fig 6.2.6, Sample B
illustrates a significant increase in absorption layer capacitance, CPEabs. The CPEabs of Sample B
is orders of magnitude greater than any other sample tested. Additionally, nabs indicates an increase
in the diffusive behavior of the absorption layer. Simultaneously, Rabs shows a moderate increase
when compared to Sample A and the uncorroded sample. The significant increase in absorption
layer capacitance is theorized to result from the presence of distinct, protruding corrosion products
found on the surface of Samples B. Localized surface protrusions increase total surface area and
allow for potential inter-depositional charging which contribute to the increase in capacitance.
Moreover, the corrosion products, which differ in chemical composition, may develop differing
charge concentrations, allowing for further enhancement in capacitive behavior. Heightened
capacitive behavior suggests potential for significant increased charge separation across the
absorption layer, and therefore, may result in increasing corrosion activity over time.[176]
The equivalent circuit model representing the oxide layer of Sample C demonstrates
significant modification when compared to the uncorroded sample. The oxide layer capacitance,
represented as CPEox, and resistance, Rox, show a moderate decrease in magnitude with values
falling between Sample A and B. However, unlike Samples A and B, Sample C indicates a
significant modification in the exponent of CPEox, nox. The average oxide layer exponent is =0.796,
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a decrease of ~0.1 from the uncorroded sample and ~0.03 from all other corrosion samples.
Therefore, the oxide layer, as modeled, appears to be increasing in diffusive behavior. An increase
in diffusion across the oxide layer of the metal may be indicative of increased corrosion activity.
Based on the surface growths found on Sample C, containing high concentrations of Cr, it is
theorized that this increase in diffusion behavior is likely caused by the outward diffusion of Cr
from the bulk metal towards the absorption layer. As the Cr reaches the absorption layer and the
fluid interface, it is converted into discrete protruding deposits of Cr2O3, or other reactive Cr
compounds, rather than forming a uniform thickened passivation layer. Additionally, the
absorption layer on Sample C shows a significant increase in Rabs and decrease in CPEabs, when
compared to all other samples. This finding suggests a substantial thickening of the absorption
layer, which is consistent with the prior SEM analysis and XRD findings. Sample C, therefore,
demonstrates elevated levels of corrosion activity when compared to the other test conditions.

6.3 Summary and Conclusions
The work presented in this here illustrates the potential for ambient electromagnetic fields
to directly facilitate the corrosion of implanted CoCrMo metal alloy. Allowing CoCrMo samples
within simulated synovial fluid to be subjected to the ambient electric fields present within a
typical laboratory setting, initiated the generation of corrosion products. Not only was the presence
of ambient electromagnetic fields sufficient to initiate corrosion, but the chemical composition of
the corrosion products of this study closely matched that of recovered in vivo corrosion products.
Current theories regarding the corrosion of implanted metals do not address the potential for
electrochemical corrosion driven by the common fluctuating electromagnetic fields present in
modern society.
In order to identify the potential effects of ambient electromagnetic radiation three separate
test conditions were investigated and repeated to ensure duplicability of results. All samples were
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analyzed using SEM, EDS, XRD, EIS, and EIS equivalent circuit modeling. All samples were
submerged in the same batch of BS and DI water, simulating the chemical composition of synovial
fluid, for 30 days. The initial test condition, represented by Sample A, shieled samples from
electromagnetic radiation within a faraday change and electrically isolated oven. At the conclusion
of the testing period, samples tested under Condition A showed no significant surface
modification. The surface was shown to consist primarily of the base metal elements with the
addition of carbon and, to a lesser extent, oxygen. Trace amounts of P, Ca, N, and Si were also
identified. The surface of Sample A appeared uniform, without notable topographical change.
Upon further analysis, the XRD spectrum of Sample A remained unchanged from that of an
uncorroded/untested sample of CoCrMo. Additionally, the electrochemical behavior of Sample A
remained similar to that of untested CoCrMo.
Condition B investigated the corrosion response of CoCrMo subjected to the ambient
electromagnetic environment of a standard laboratory on samples spaced 10mm apart, in BS
solution. This test condition is meant to investigate the corrosion response of CoCrMo adjacent to,
but not within, a metal-on-metal junction. Samples pertaining to Condition B illustrated significant
surface modification and the production of protruding surface growths. The surface growths were
uniform in nature and appeared in isolation or in clusters. The smaller, individual, surface growths
ranged from 0.5µm-2µm. The clustered surface growths, appearing to be emanating outward from
a central nucleation site, were on the order of 2µm -7µm. The elemental composition of the surface
was found to contain Co, Cr, Mo, C, O, Ca, and P. The XRD analysis suggested significant
crystallographic structure change, with the formation of an additional peak at an interplane spacing
of d=1.206Å. The primary corrosion product formed on Sample B was Cr2O3, interspersed with
varying concentrations of Co, Ca, and P. The corrosion products of Sample B are consistent with
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the chemical species of recovered wear particles from CoCrMo implants. EIS equivalent circuit
modeling revealed a significant increase in absorption layer capacitance, indicating the potential
for accelerated future corrosion.
Condition C investigated the corrosion response of a CoCrMo-CoCrMo interface in the
presence of ambient electromagnetic radiation. As such samples were placed in direct contact with
one another when submerged in the simulated synovial fluid. When samples were placed in direct
contact with one another, the electrical activity substantially increased. Maximum electrical
oscillations on Sample C reached ~150mVpp, whereas when samples were spaced apart within the
fluid, Sample B, the maximum magnitude of electrical oscillation was only ~50mVpp. The
increased electrical activity resulted in significantly greater surface modification. The SEM
analysis of Sample C illustrated widespread deposition and protrusion growth. The surface
topography illustrated both the formation of discrete growths and a general layered deposition.
The elemental composition of the surface was found to contain Co, Cr, Mo, C, O, Ca, P, N, Na,
Mg, and trace amounts of Si. The mass percentage of the deposition elements, those not found
within the base metal alloy, accounted for over 45% of the detected elemental mass present on the
surface of the CoCrMo samples. As such, Sample C demonstrated the greatest generation of
corrosion products. The XRD analysis showed significant crystallographic change, as well as
amorphous deposition. The most notable changes in the XRD spectrum are the creation of peaks
at interplane spacing of d=2.492Å, d=2.307Å, and d=1.206Å. Sample C showed considerable
formation of Cr2O3 along with significant presence of Ca and P. Additionally, Sample C indicated
a potential for the occurrence of Cr in the +(VI) oxidation state, likely in the form of CrO3. The
chemical composition of the surface products found on Sample C match that of retrieval studies
of periprosthetic tissue surrounding failed implants.[41, 208] Sample C also illustrated an
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equivalent circuit model identifying a modified oxide layer. The EIS equivalent circuit model, fit
to Sample C, indicated a distinctive shift away from capacitive behavior and towards a Warburg
type diffusive behavior within the oxide layer. This finding suggests an increase in interaction
between the base metal alloy and surrounding fluid.
The electrochemical corrosion phenomenon driven by low magnitude, fluctuating
electromagnetic fields is not a replacement of the current theories of fretting and mechanically
assisted crevice corrosion. Instead, it is theorized to work in concert with fretting and crevice
corrosion. It is a potential mechanism to alter the expected electrochemical pathways and modify
the chemical form of corrosion products. This electrochemical corrosion phenomenon will act to
accelerate fretting and mechanically assisted crevice corrosion. The introduction of ambient
electromagnetic radiation resulted in the growth of corrosion species protruding from the surface.
These surface growths would require considerably less mechanical wear to be removed from the
surface when compared to the mechanical wear required to degrade the uniform passivated layer
of CoCrMo. Therefore, this electrically driven corrosion, in combination with fretting, would
result in the quickened creation of chemically complex wear particles. This study not only
demonstrates the potential for ambient electromagnetic radiation to induce the growth of
chemically complex surface depositions, but also highlights a key factor in the topographical
manipulation of the metallic substrate. In this study, samples subjected to electromagnetic
radiation illustrated distinct growths above the prepared surface. Cr was drawn from the bulk metal
into localized Cr2O3 growths above the passivated layer. The simple observation that these
particles can form above the machined surface when in the presence of ambient electromagnetic
radiation, is highly impactful in the understanding of how implant corrosion interacts affects the
human body. Particulate matter, formed above the natural oxide layer, is much more likely to
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become embedded in the periprosthetic tissue during patient movement, when compared to
particulate matter that may be generated by relative motion, that must break the oxide layer, within
the modular junction.
This chapter section serves as the first feasibility study and foundation evidence,
illustrating the accelerated corrosion of CoCrMo when in the presence of ambient electromagnetic
fields. However, significant future study is required to adequately understand this phenomenon,
its exact mechanism of action, and its influence across all biomedical metal alloys. The effects of
ambient electromagnetic radiation on the corrosion of implanted biocompatible metal alloys have
been largely neglected in the literature. In a modern society, with increasing proliferation of
manmade electromagnetic radiation sources and the increasing commonality of implanted
prosthetic joints, the interaction between electromagnetic radiation and biomedical device
corrosion must be understood and mitigated.

Chapter 7. Development of Theoretical Model Framework
7.1 Introduction
This chapter is meant to encompass the preceding sections of this work and provide a
conceptual framework by which to interpret the results and illustrate potential mechanisms of
action through modern theory. Chapter 2 introduced the current understanding of surface
electrochemistry, heterogeneous catalysis, corrosion, and the modern application of such theories.
Chapters 3-6, then, sought to develop foundational evidence to support the hypothesis of
electrochemical surface reaction manipulation through low magnitude electrical oscillations, either
naturally occurring or induced by an external mechanism. Initial discovery of this manipulation
phenomenon was observed during the reaction of NO with SOFC material where, by nature of the
material and geometric arrangement, a natural oscillatory electric potential developed. Similar
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electrochemical reaction manipulation was then documented in the corrosion of ASTM F1537
when electrical activity was sourced via a function generator and when electrical activity was
induced by ambient electromagnetic radiation. This chapter, therefore, builds upon and weaves
together all prior chapters to provide a conceptual framework whereby to understand the possible
mechanisms of action.
This section is a return to modern theory, as introduced in Chapter 2, to further develop
such a mechanism of action as it applies to a general system. Therefore, this chapter will be written
from an engineering perspective, in such a manner to apply to a general, yet active electrochemical
system, and will reference specific results of this work as needed to properly illustrate a concept.
Modern concepts from physics, quantum field theory, density functional theory, semi-conductor
theory, surface chemistry, and surface bonding will be interwoven to illustrate a holistic
interpretation of the experimental results presented throughout this work.
The substance of this chapter will first demonstrate how incident electromagnetic radiation
may induce oscillating electric potentials on a simple 2D conducting surface. This simple
introduction will then be expanded to demonstrate the complexity and possibly non-conservative
nature of these imposed electric fields on intricate 3D surfaces with unique geometry, when
subjected to multiple temporally and spatially varying electromagnetic radiation sources. It is
demonstrated that in such a complex scenario, electric potential fluctuations may develop parallel
to, normal to, or between surfaces (when discussing metal-to-metal junctions). The concepts of
electromagnetic radiation adsorption, thought of as a photon, coupled to phonon lattice vibration
excitation will then be discussed. Furthermore, phonon-electron or phonon-electric potential
coupling will be described as the basis on which the proposed mechanisms of action may be
conceptualized. Throughout the chapter, three possible mechanisms of action by which low
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amplitude electric potential oscillation, either sourced or induced on the surface, on a reactive
surface may selectively alter probable electrochemical reaction pathways will be hypothesized.
The possible mechanisms are as follows: (1) localized d-band center shifting, (2) phonon-lattice
coupling resulting in ligand (coordination number) redistribution, and (3) 3D electric field effects
resulting in surface normal electric potential variation and localization. The possible mechanisms
discussed throughout this chapter are inherently coupled to one another. As such, this chapter is
organized in an attempt to illustrate the fundamental background required to understand all
possible mechanisms, prior to the detailed discussion of each individual mechanism.

7.2 Simplified Electromagnetic Radiation on a Plane Surface
As a simplified introduction and basis for the theoretical framework, the effects of
electromagnetic radiation onto a simple plane surface are analyzed. Here, it is assumed that the
electromagnetic radiation is in the form of a plane wave within a linear system such that the electric
field, magnetic field, and the direction of propagation are mutually perpendicular. It is assumed
that the electric field is in the x direction, the magnetic field is in the y direction, and the direction
of propagation is in the z direction. The surface is 2-dimensional and lays along the xy plane, at
z=0. The electromagnetic radiation is propagating into the material, in the z<0 direction. The
derivation of electromagnetic penetration into the conductor begins with Maxwell’s Equations
relating the electric and magnetic fields, Eq. 7.2.1 and 7.2.2 below. [210-213]
⃑ × 𝐸⃑ = −𝜇
∇

⃑
𝜕𝐻
𝜕𝑡

(7.2.1)

⃑ is the magnetic field, and 𝜇 is the permeability.
Where 𝐸⃑ is the electric field, 𝐻
⃑ × 𝐻
⃑ =𝜀
∇

𝜕𝐸⃑
𝜕𝐸⃑
+𝐽 =𝜀
+ 𝜎𝐸⃑
𝜕𝑡
𝜕𝑡

Where 𝜀 is the permittivity and 𝐽 is the current density.
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(7.2.2)

This system of equations is applied to an ohmic conductor, and therefore, current density
may be replaced by 𝜎𝐸⃑ . The conductivity multiplied by the electric field.
Simplifying the above equations by the prior assumptions that the electric field exists only
in the x direction, the magnetic field only in the y direction, and the direction of propagation is in
the z direction, yields the following, Eq 7.2.3 and 7.2.4. [213]
𝜕𝐻𝑦
𝜕𝐸𝑥
+𝜇
=0
𝜕𝑧
𝜕𝑡

(7.2.3)

𝜕𝐻𝑦
𝜕𝐸𝑥
+𝜀
+ 𝜎𝐸𝑥 = 0
𝜕𝑧
𝜕𝑡

(7.2.4)

A solution for Ex and Hy is assumed as an exponential form given in Eq 7.2.5.
𝐸𝑥 , 𝐻𝑦 ~𝑒 𝑖𝜔𝑡

(7.2.5)

Where 𝜔 is the angular frequency. The time derivative of such an assumed form yields
𝜕
→ 𝑖𝜔
𝜕𝑡

(7.2.6)

Substituting Eq 7.2.5 and 7.2.6 into Eq 7.2.3 and 7.2.4 gives
𝜕𝐸𝑥
+ 𝑖𝜔𝜇𝐻𝑦 = 0
𝜕𝑧

(7.2.7)

𝜕𝐻𝑦
+ (𝑖𝜔𝜀 + 𝜎)𝐸𝑥 = 0
𝜕𝑧

(7.2.8)

Differentiating Eq 7.2.7 and 7.2.8 again in the direction of propagation and substituting in
known values from above yields the following decoupled equations.
𝜕 2 𝐸𝑥
− 𝑖𝜔𝜇(𝑖𝜔𝜀 + 𝜎)𝐸𝑥 = 0
𝜕𝑧 2

(7.2.9)

𝜕 2 𝐻𝑦
− 𝑖𝜔𝜇(𝑖𝜔𝜀 + 𝜎)𝐻𝑦 = 0
𝜕𝑧 2

(7.2.10)

For convenience, 𝛾 2 is defined as [212, 213]
𝛾 2 = 𝑖𝜔𝜇(𝑖𝜔𝜀 + 𝜎)
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(7.2.11)

Simplifying Eq 7.2.9 and 7.2.10
𝜕 2 𝐸𝑥
− 𝛾 2 𝐸𝑥 = 0
2
𝜕𝑧

(7.2.12)

𝜕 2 𝐻𝑦
− 𝛾 2 𝐻𝑦 = 0
𝜕𝑧 2

(7.2.13)

Eq 7.2.12 and 7.2.13 have known solutions in the form of Eq 7.2.14 and 7.2.15.
𝐸𝑥 = 𝐴 cosh 𝛾𝑧 + 𝐵 sinh 𝛾𝑧

(7.2.14)

𝐻𝑦 = 𝐶 cosh 𝛾𝑧 + 𝐷 sinh 𝛾𝑧

(7.2.15)

Where the coefficients A, B, C, and D may be shown to equal the following. [213]
𝐴 = 𝐸0

𝐵 = −𝜂𝐻0

𝐶 = 𝐻0

𝐷=−

𝐸0
𝜂

Where

𝜂=√

𝑖𝜔𝜇
𝜎 + 𝑖𝜔𝜇

(7.2.16)

Coefficients A and C are obtained by assuming the value of the electric and magnetic fields equal
some initial value E0 and H0, respectively, at the surface of the conductor, z=0. Coefficients B and
D are found by returning to Eq 7.2.7 and 7.2.8, substituting the solution for Ex, Hy, A, and C, and
solving.
Now assume a position deep in the conducting surface [210, 212-213]
𝑙𝑒𝑡 𝑧 = −𝑙 𝑎𝑛𝑑 𝑙 ≫
If l is assumed to be very large, the solution may be approximated as Eq 7.2.17
𝑒 𝛾𝑙
cosh 𝛾𝑙 = sinh 𝛾𝑙 ≈
2

(7.2.17)

This approximation yields the following.
𝐸𝑥 = 𝐸0 + 𝜂𝐻0
213

(7.2.18)

𝐻𝑦 = 𝐻0 +

𝐸0
𝜂

(7.2.19)

It can therefore be shown that 𝜂 derived earlier is the ratio of the electric field to the magnetic field
as illustrated in Eq 7.2.20.
𝐸𝑥
𝑖𝜔𝜇
=𝜂=√
𝐻𝑦
𝜎 + 𝑖𝜔𝜀

(7.2.20)

𝜂 is consequently referred to as the characteristic impedance of the medium.
For an electromagnetic wave propagating within a vacuum or a lost-less media, σ=0, the
characteristic impedance is given as Eq 7.2.21 [210]
𝜇
𝜇0
𝜂 = √ = √ ≈ 377Ω
𝜀
𝜀0

(7.2.21)

Where 𝜇0 = 4𝜋 × 10−7 𝐻/𝑚 is the permeability in vacuum and 𝜀0 = 8.854 × 10−12 𝐹/𝑚 is the
permittivity in vacuum.
After deriving the relationship of the characteristic impedance through a simplified case, a
more general conducting surface is considered when deriving the skin depth. This derivation
begins again with Maxwell’s Equations. Note Eq 7.2.22 and 7.2.23 are repeated from above but
are re-numbered here for ease of referencing. [210-213]
⃑∇ × 𝐸⃑ = −𝜇

⃑∇ × 𝐻
⃑ =𝜀

⃑
𝜕𝐻
𝜕𝑡

𝜕𝐸⃑
𝜕𝐸⃑
+𝐽 =𝜀
+ 𝜎𝐸⃑
𝜕𝑡
𝜕𝑡

(7.2.22)

(7.2.23)

Instead of differentiating w.r.t. z, the curl of Eq 7.2.22 is taken for a general surface and shown in
Eq 7.2.24. [213]
∇ × (∇ × 𝐸⃑ ) = −∇2 𝐸 = −𝜇

𝜕
𝜕𝐸⃑
𝜕 2 𝐸⃑
⃑
⃑
(∇ × 𝐻 ) = −𝜇𝜎
− 𝜇𝜀 2
𝜕𝑡
𝜕𝑡
𝜕𝑡
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(7.2.24)

Assume a solution in the form of the following.
𝐸 = 𝐸0 𝑒 𝑖(𝑘⃑∙𝑟−𝜔𝑡)

(7.2.25)

⃑ is the wavevector and 𝑟 is the position vector. Substituting Eq 7.2.25 into 7.2.24 and
Where 𝑘
reducing yields Eq 7.2.26
𝑘 2 = 𝑖𝜔𝜇𝜎 + 𝜇𝜀𝜔2

(7.2.26)

Rearranging the RHS gives Eq 7.2.27.
1

𝑘 = √𝜔𝜇(𝜔𝜀 + 𝑖𝜎)2

(7.2.27)

The RHS of 7.2.27 can be separated into real and imaginary quantities by substituting in 𝜔𝜀 =
𝑎 cos 𝜃 , 𝜎 = 𝑎 sin θ and algebraically reducing. k is then shown to be equal to Eq 7.2.28.
1
2

1
2

𝜇𝜀
𝜎2
𝜎2
(1 + √1 + 2 2 ) + 𝑖 (√1 + 2 2 − 1)
2
𝜔 𝜀
𝜔 𝜀
[
]

𝑘 = 𝜔√

(7.2.28)

The real part of k is defined as 𝛽, governing the propagation of the wave. The imaginary part of k
is defined as 𝛼, governing the attenuation of the wave. Eq 7.2.29 and 7.2.30 give 𝛽 and 𝛼,
respectively. [213-213]

𝜇𝜀
𝜎2
(1 + √1 + 2 2 )
2
𝜔 𝜀

1
2

𝛽 = 𝜔√

𝜇𝜀
𝜎2
√
𝛼 = 𝜔√ ( 1 + 2 2 − 1)
2
𝜔 𝜀

(7.2.29)

1
2

(7.2.30)

Substituting for 𝛽 and 𝛼 allows k to be expressed simply as
𝑘 = 𝛽 + 𝑖𝛼
It is then further assumed that for a good conductor, 𝜎 ≫ 𝜔𝜀. Under this assumption
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(7.2.31)

𝜔𝜇𝜎
2

𝛽=𝛼≈√

(7.2.32)

The normal component of the electric field, assuming the surface of conductor lies on the xy plane
at z=0, will thus attenuate as 𝐸~𝑒 −𝛼𝑧 . When investigating the effects of incident electromagnetic
radiation on a conducting surface and the resulting electrochemical implications such radiation
may have, the depth to which the electric field is able to penetrate the material is of utmost
importance. In accordance with modern electromagnetic theory [210-213], the skin depth is used
to represent the penetration of the electric field into the material. The skin depth is defined as the
depth at which the E field becomes 1/e of the original value. The skin depth is found to be

𝛿=

1
2
=√
𝑤ℎ𝑒𝑟𝑒 𝜔 = 2𝜋𝑓
𝛼
𝜔𝜇𝜎

(7.2.33)

When calculating skin depth throughout the remainder of this chapter, as it relates to ASTM F1535
CoCrMo, the permeability is assumed to be equal to that in vacuum. ASTM F1537 is a nonmagnetic metal alloy and therefore, in accordance with modern electromagnetic literature, the
magnetic properties will be neglected and 𝜇0 will be used in place of 𝜇.[210-212, 214-215] It is
also important to note here that if one assumes a perfect or ideal conductor, ie 𝜎 = ∞, the skin
depth would be identically zero. However, the materials discussed throughout this work are nonideal and have finite conductivity. The ramifications of such a distinction will be discussed at
length throughout Sections 7.5-7.7.
The relative magnitudes of incident, reflected, and transmitted electromagnetic radiation
may additionally be derived at the boundary of a conducting surface. For the simplified derivation
below, the electric and magnetic fields are assumed to be continuous at the reflective/transmissive
boundary. The amount of transmitted radiation is equal to the sum of the incident and reflected
radiation as shown in Eq 7.2.34 and 7.2.35. [213]
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𝐸𝐼 + 𝐸𝑅 = 𝐸𝑇

(7.2.34)

𝐻𝐼 + 𝐻𝑅 = 𝐻𝑇

(7.2.35)

Following from Eq 7.2.20, the magnetic field is related to the electric field by the characteristic
impedance.
𝐻𝐼 =

𝐸𝐼
𝜂1

𝐻𝑇 = −

𝐸𝑅
𝜂1

𝐻𝑇 =

𝐸𝑇
𝜂2

(7.2.36)

Which further gives,
𝐸𝐼 𝐸𝑇 𝐸𝑅
=
+
𝜂1 𝜂2 𝜂1

(7.2.37)

The ratios of reflected and transmitted electromagnetic radiation may be easily found algebraically
and are given below.
𝐸𝑅 𝜂2 − 𝜂1
=
𝐸𝐼 𝜂2 + 𝜂1

(7.2.38)

𝐸𝑇
2𝜂2
=
𝐸𝐼 𝜂2 + 𝜂1

(7.2.39)

𝐻𝑅 𝜂1 − 𝜂2
=
𝐻𝐼 𝜂2 + 𝜂1

(7.2.40)

𝐻𝑇
2𝜂1
=
𝐻𝐼 𝜂2 + 𝜂1

(7.2.41)

Where 𝜂1 refers to the characteristic impedance of the medium surrounding the conductor, and 𝜂2
refers to the characteristic impedance of the conductor. For a good conductor, 𝜎 ≫ 𝜀𝜔 as above,
𝜂 may be further approximated as Eq 7.2.42.

𝜂=√

𝑖𝜔𝜇
𝑖𝜔𝜇
~√
𝜎 + 𝑖𝜔𝜀
𝜎

(7.2.42)

It is clear from the above relations that a perfect or ideal conductor would act as a perfect reflector,
ie.

𝐸𝑅
𝐸𝐼

= −1 . [211, 213] However, because all real materials under the conditions investigated
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throughout this work are non-ideal conductors, a characteristic surface impedance should be
derived to describe the complex electromagnetic response of the material. Here, the surface
impedance is characterized by the ratio of the induced surface parallel electric field and the
resulting surface current density, as shown in Eq 7.2.43. [212, 213]
𝑍𝑠 =

𝐸𝑙𝑙
𝑘𝑠

(7.2.43)

Here, we assume that the current density takes on the following exponential form,
𝐽 = 𝐽0 𝑒 −𝛾𝑧

(7.2.44)

The surface current density is calculated as the integral of total current density. It is assumed that
the integral may be calculated from 0 to ∞ because the electric field is contained within the small
skin depth. The surface current density is shown in Eq 7.2.45.
∞

𝑘𝑠 = ∫ 𝐽𝑑𝑧 =
0

𝐽0 𝜎𝐸𝑙𝑙
=
𝛾
𝛾

(7.2.45)

If it is assumed that the material is a good conductor, 𝛾 may be approximated as 𝛾 ≈ √𝑖𝜔𝜇𝜎 =
𝜔𝜇𝜎

√

2

(1 + 𝑖). This results in the surface impedance being able to be described by Eq 7.2.46.

𝑍𝑠 =

𝛾
𝜔𝜇
1
(1 + 𝑖) = 𝑅𝑠 + 𝑖𝑋𝑠
= √ (1 + 𝑖) =
𝜎
2𝜎
𝜎𝛿

(7.2.46)

Where Rs and Xs are taken as the surface resistance and reactance, respectively. From Eq 7.2.46,
both surface resistance and reactance are inversely proportional to the material’s conductivity and
the skin depth of electric field penetration. As such, an increasing penetration depth and
conductivity results in a decreased resistance and reactance.
7.2.1 Applied to Ambient Electromagnetic Radiation on Implanted CoCrMo
The general derivation above, Section 7.2, is now applied to ambient electromagnetic
radiation incident on a conducting surface of ASTM F1537 CoCrMo. Section 7.2.1.1 provides a
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calculation of the electric field penetration (skin depth) when in the presence of varying
electromagnetic frequencies. Section 7.2.1.2 then investigates the relative reflectance and
transmittance of electromagnetic radiation at a vacuum-CoCrMo interface and compares the
results to a synovial fluid-CoCrMo interface.
7.2.1.1 Skin Depth on CoCrMo
In order to apply Section 7.2 to ASTM F1537 CoCrMo the following material properties
will be used, Table 7.2.1.

Table 7.2.1: Material properties of CoCrMo for electromagnetic propagation.
Conductivity of ASTM F1537
CoCrMo [214-215]
Conductivity of Normal Blood
Ultrafiltrate as a Model of
Synovial Fluid [216-218]
Permeability of Space [210-212]
(FCC) γ-CoCrMo Lattice
Parameter [219-222]
(HCP) ε-CoCrMo Lattice
Parameters [219-222]

σ=1.1764 x106 Ω-1m-1
σ=1.8 x102 Ω-1m-1
μ0=4 π x10-7 H/m
a=3.5875Å
a=2.5353Å

c=4.1243Å

As before, the permeability is assumed to be the same as that for a vacuum because of the
nonmagnetic nature of ASTM F1537. Additionally, where applicable, it is assumed that synovial
fluid and the implant’s environment will have approximately the same conductivity of normal
human blood ultrafiltrate. [219-222] The following skin depth is then calculated following Eq
7.2.33 and reported in Table 7.2.2 below. The reported frequencies were selected to span the
electromagnetic frequency spectrum from manmade sources and are consistent with prior
experimental data presented in Chapters 5 and 6. 60 Hz was selected within the 101 Hz decade
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instead of 10 Hz because of its proliferation as the base frequency of residential and commercial
building power.

Table 7.2.2: Calculated skin depth on CoCrMo versus frequency of electromagnetic radiation.
Frequency of
Electromagnetic
Radiation
(Hz)
60
102
103
104
105
106
107
108
109
1010
1011
1012

Calculated Skin Depth
(δ) on ASTM F1537
CoCrMo
(mm)
(Å)
5.99 x101
5.99 x108
4.64 x101
4.64 x108
1
1.47 x10
1.47 x108
4.64 x100
4.64 x107
0
1.47 x10
1.47 x107
4.64 x10-1
4.64 x106
-1
1.47 x10
1.47 x106
4.64 x10-2
4.64 x105
1.47 x10-2
1.47 x105
-3
4.64 x10
4.64 x104
1.47 x10-3
1.47 x104
-4
4.64 x10
4.64 x103

δ/c
1.5 x108
1.1 x108
3.6 x108
1.1 x107
3.6 x107
1.1 x106
3.6 x106
1.1 x105
3.6 x105
1.1 x104
3.6 x104
1.1 x103

*Note: Columns 2 and 3 report the same skin depth but provide alternative measurement units
for easy reference in the following discussion. 𝛿/c is given to demonstrate electric field
penetration relative to the largest possible lattice parameter of ASTM F1537. This value
represents the number of unit cells below the surface subject to the electric field.

Following the derivation provided in Section 7.2, the electric field penetration into
CoCrMo attenuates as ~1/√𝜔. However, because CoCrMo is only a good conductor of electricity,
not an excellent conductor, the electric field penetration into the material’s surface is significant.
In comparison, Cu is an excellent conductor of electricity, 𝜎 ≈ 6 × 107 𝛺 −1 𝑚−1, with ~60 times
greater conductivity than CoCrMo. Therefore, if Cu was subjected to the same frequency of
electromagnetic radiation, the skin depth would be ~7 times smaller. Moreover, as traditionally
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assumed [210-213], if the metallic implant is treated as an ideal conductor, 𝜎 = ∞, the penetration
of the electric field into the surface of the metal would be identically zero. In such a scenario, one
may then neglect the presence of this penetrating electric field when considering the energy of
bonding states. Yet, such an assumption and treatment would be inaccurate. As shown in the righthand column of Table 7.2.2, the ratio of skin depth to lattice parameter (𝛿/c) remains greater than
1.0x103 for all potential frequencies of ambient electromagnetic radiation. This indicates that over
1k unit cells below the surface of the material are subjected to the electric field generated by
passing electromagnetic radiation within the environment. Here the lattice parameter, c, was
chosen because it is the largest unit parameter for all ASTM F1537. 𝛿/c thus represents the
minimum number of unit cells beneath the metals surface under the influence of the penetrating
electric field. Therefore, the presence of such a field must be appropriately represented when
investigating and modeling the energy states of bonding surface electrons. The implications of this
penetrating electric field will be returned to when discussing possible d-band center shifts and 3D
electric field effects on a finite surface in Sections 7.5 and 7.7.
7.2.1.2 Reflectance Versus Transmittance of Incident Electromagnetic Radiation on
CoCrMo within an Implanted Environment
Following from Eq 7.2.38-7.2.41 the relative magnitudes of the electromagnetic field
reflected by the conductor to the magnitude of electromagnetic field which is transmitted through
the boundary may be calculated based on the characteristic impedances of the interface. The
characteristic impedance, as before, may be approximated and separated into real and complex
components by Eq 7.2.47.

𝜂≈√

𝑖𝜔𝜇 1 + 𝑖 𝜔𝜇
√
=
𝜎
𝜎
√2
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(7.2.47)

Traditionally, metals are treated as ideal conductors and therefore as perfect reflectors.
[210-213] However, this assumption only holds valid when an excellent conductor is used at an
interface with a medium of similar characteristic impedance to a vacuum/free space. As shown
previously, CoCrMo is only a good conductor and the implanted environment, within the human
Table 7.2.3: Comparison of reflected to incident electromagnetic radiation at a CoCrMovacuum interface to a CoCrMo-synovial fluid interface.
Frequency
60
102
103
104
105
106
107
108
109
1010
1011
1012

ER/EI CoCrMo-Vacuum
Boundary

ER/EI CoCrMo-Synovial
Fluid Boundary

-0.9999
-0.9756
-0.9997
-0.9990
-0.9969
-0.9903

*Note: The conductivity of synovial fluid is assumed to be equal to human blood ultrafiltrate
reported in Table 7.2.1. The leading negative sign in the calculated values simply denotes a
change in wave propagation direction.
body, has significantly greater conductivity than that of a vacuum. As such, the ratio of reflectance
to transmittance is calculated for CoCrMo at a vacuum interface and compared to that of CoCrMo
at a synovial fluid interface. The results of calculations are tabulated in Table 7.2.3.

Here, the characteristic impedance of the vacuum is assumed as the constant standard value
of, 𝜂𝑣𝑎𝑐𝑢𝑢𝑚 = 377Ω. [213] The characteristic impedance of CoCrMo and model synovial fluid
are calculated by Eq 7.2.47, using the material properties reported in Table 7.2.1. Additionally, the
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imaginary component of the characteristic impedance has been neglected. The imaginary
component does not indicate magnitude of the reflected or transmitted field and relates only to the
relative phase shift. Therefore, the imaginary component is unneeded for the magnitude
comparison.
As illustrated in Table 7.2.3 the assumption of a perfect reflector,

𝐸𝑅
𝐸𝐼

= −1, for CoCrMo is

valid for electromagnetic radiation at frequencies less than 108 Hz when at an interface with a
vacuum/free space. The ratio of reflected to incident electromagnetic radiation remains near unity.
However, as the frequency of electromagnetic radiation increases beyond 108 Hz, the assumption
decreases in validity. Moreover, when the CoCrMo boundary is investigated within synovial fluid,
there is a clear departure from a perfect reflector. At the boundary between CoCrMo and synovial
fluid, approximately 2.5 % of the incident electromagnetic radiation is predicted to be transmitted
across the boundary. The interaction between incident, reflected, and transmitted electromagnetic
radiation and possible surface electrochemical manipulation will be further discussed and analyzed
in Section 7.7.

7.3 Lattice Absorption of Electromagnetic Radiation
To adequately explain the coupling between electromagnetic radiation and the lattice of a
solid substrate, this subchapter begins with a brief overview of relevant quantum mechanics,
describing the fundamental concepts of photons, lattice vibration, Bloch’s Theorem, phonons, and
bosons. Following the overview, the subchapter will investigate the coupling between photons,
lattice vibrations, phonons, and phonon elasticity, in Section 7.3.6.
7.3.1 Photons
While investigating the electrochemical force exerted by ambient electromagnetic
radiation, it becomes convenient to conceptualize the electromagnetic radiation as incident
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photons. Although electromagnetic radiation is often considered as a propagating field, it may
simultaneously be considered as a quantum of electromagnetic energy. The photon is the
conceptualized quantization of electromagnetic energy based on the wavelength of the field. In
this manner, an electromagnetic field may be conceptualized as a massless, elementary quasiparticle. A photon may have zero or integer spin, and is therefore classified as a boson. The
characteristics of bosons are described in detail in Section 7.3.5. The energy of a photon may be
calculated by Eq 7.3.1. [223-224]
𝐸=

ℎ𝑐
𝜆

(7.3.1)

Where h is Planck’s Constant, c is the speed of light in a vacuum, and 𝜆 is the wavelength.
Additionally, the momentum of the photon may be expressed as Eq 7.3.2.
𝑝=

ℎ
𝜆

(7.3.2)

When discussing the interaction of electromagnetic radiation with the lattice structure of the
conductive electrode, this particle-type representation will be utilized.
7.3.2 Bloch’s Theorem
As a consequence of the ordered, crystalline arrangement of the solid materials investigated
within this work, the potential energy effects of the crystalline lattice must be considered. Initially
theorized for the wave functions of electrons within a periodic solid in 1928, Bloch’s theorem has
been expanded to influence the solution of all properties derived from wave function solutions
within a crystalline solid. [223] Bloch assumes an arbitrary translation within the crystallographic
structure when computing the potential energy term, and thus the Hamiltonian within
Schrödinger’s wave equation (Eq 2.4.7,2.4.8). Within Eq 2.4.8, the Hamiltonian is the summation
of kinetic and potential energy on the electron state. In Chapter 2, the classical representation of
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potential energy function was assumed. In the Newns-Anderson model, the potential energy term
was prescribed to be dependent on position, 𝑟, and time, t, only. However, a more representative
assumption would be to assume that potential energy is dependent on position with an arbitrary
lattice translation and time, following Bloch’s theorem, as given in Eq 7.3.3.
⃑ =𝑉
⃑ (𝑟 + 𝑅⃑𝑛 , 𝑡)
𝑉

(7.3.3)

Where 𝑅⃑𝑛 is the arbitrary translation vector of the crystallographic lattice. Bloch’s theorem forces
solutions of the wave equation, known as Bloch Functions, to incorporate functions of the lattice
periodicity. [223] The implications of lattice periodicity, first introduced by Bloch for single
electrons, extends throughout the material. [223-224] As the complexity in crystal structure
increases, so too will the effects of lattice periodicity. In modern calculations, inclusion of all
potential periodic lattice effects quickly renders the problem intractable, or exponentially increases
computing costs. However, Bloch’s theorem provides a conceptual basis on which to interpret
physical phenomena. A classic example of the effects of lattice periodicity may be seen when
analyzing lattice vibrations in the following section.
7.3.3 Lattice Vibrations
Within a crystalline solid, each atom is under constantly competing forces. The dominant
potential is attractive in nature and is responsible for all interatomic bonding and maintaining the
material as a crystalline solid. However, as the radius between neighboring atoms decrease and the
interaction of electrons increase, a repulsive force develops. Based on the Pauli exclusion
principle, electrons (or any fermions) may not occupy the same physical space. [14, 224]
Therefore, a competition between attractive and repulsive forces develops between all neighboring
atoms, similar to those forces dictating the wave like electron behavior described in Chapter 2. A
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commonly studied potential interaction describing this interatomic behavior is the Lennard-Jones
potential.
The Lennard-Jones potential predicts common bond lengths by describing a local minimum
in potential energy. [223] Neighboring atoms therefore begin to oscillate around this local
minimum. These competing attractive and repulsive forces, and resulting oscillations are
conceptualized as linked harmonic oscillators between all neighboring atoms. In general, there are
three acoustic vibrational modes in 3D. The main acoustic vibration is a longitudinal mode in
which atoms vibrate in one direction of the atomic chain. The other acoustic vibrational modes are
transverse, in which atoms vibrate approximately perpendicularly to the direction of propagation.
The transverse vibrational modes may be or may not be degenerate. [223-224] In addition to the
acoustic modes of vibration, a number of optical vibrational branches, where vibrations occur out
of phase, may persist in the material. Generally, there are 3n-3 optical branches for a given crystal
structure, where n is the number of atoms within the primitive cell. For example, in FCC CoCrMo,
n=4, there are 9 optical branches, in HCP CoCrMo, n=6, there are 15 optical branches, and in
perovskite LSCF, n=8, there are 21 optical branches.
7.3.4 Phonons
As a corollary to photons, phonons represent the quantization of energy contained within
the lattice vibrations, discussed above. Phonons, like photons, are bosons or quasi-particles which
exhibit integer spin, and follow Bose-Einstein statistics. In the prior section, it was assumed that
the vibrations of and between neighboring atoms may be taken as harmonic oscillations. As such,
from classical mechanics, it is possible to find a set of normal coordinates such that the equations
of motion are represented as a linear combination of equations. Therefore, the Hamiltonian
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describing the system may be diagonalized. [224] Each normal mode may be decoupled and treated
as an individual harmonic oscillator. The energy within each normal mode may be calculated as,
1
𝐸𝑘 = (𝑛𝑘 + ) ℎ𝜔𝑘 ,
2

𝑛𝑘 = 0, 1, 2 …

(7.3.4)

Where 𝑘 is the wavenumber, 𝜔𝑘 is the frequency, and ℎ is Planck’s constant. Therefore, each state,
𝑘, has 𝑛𝑘 possible quanta of energy, ℎ𝜔𝑘 , at frequency 𝜔𝑘 . This quantization of lattice energy may
be thought of as phonon quasi-particles. The total energy of lattice vibrations, following from
Section 7.3.3 is the sum of all potential acoustic and optical branches, given by Eq 7.3.5.
1
𝐸 = ∑ ℎ𝜔𝑘,𝑝 (𝑛𝑘,𝑝 + )
2

(7.3.5)

𝑘,𝑝

Where k, p represent the extension to all acoustic and optical branches, respectively. Moreover,
the momentum of the phonon may be expressed in the same manner as that of a photon, Eq 7.3.2.
[224]
The frequency of phonon vibration is highly dependent on the specific acoustic or optical
branch. However, acoustic phonons are generally considered to be low frequency vibrations,
whereas optical phonons are high frequency vibrations. Acoustic phonons have been reported to
exist as frequencies approaching 0, and up to the gigahertz range. Optical phonons persist up to
the terahertz range. [225-227] The phonon modes and branches present within a material directly
influence the properties of that material, including the electronic, thermal, and optical properties.
Each material will develop intrinsic phonon bands, dependent upon the interatomic
potentials and crystallographic configuration/complexity. That is, each material will develop
frequency ranges, or bands, in which phonons are expected to exist and frequency bands in which
phonons may not exist. These bands are referred to as the intrinsic phonon spectrum and the
forbidden phonon spectrum, respectively. Although a separate intrinsic and forbidden phonon
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spectrum exists for each material, there are clear exceptions to predicted phonon modes. If an
extrinsic crystal defect is present, the binding energy and mass surrounding the defect will be
altered. [224] This localized disruption will lead to a localized modification in vibrational
behavior. If the defect is sufficiently large, its eigenfrequencies may lie outside of the intrinsic
phonon spectrum, resulting in a localized vibrational mode. A significantly large localized
vibrational mode may, in certain instances, be experimentally identified by an alteration of the
infrared absorption spectrum. [225-227] Lattice vibrations around a crystal defect are often
observed as radially expanding and contracting at lower frequencies than the dominate lattice
vibrations. These breathing-type modes may persist in the forbidden phonon spectrum, given a
sufficient defect within the lattice. [224]
In addition to the localized effects surrounding a defect, atoms at or near a surface may
exhibit significantly altered phonon modes. At and near the surface, atoms within the crystal lattice
are less tightly bonded. Here, an interface within the material, such as a grain boundary, may
additionally be considered as a surface when analyzing surface phonons. The decrease in binding
energy is a result of missing neighbors at/near the surface. Therefore, surface phonons are
subjected to a lower force constant when compared to phonons within the bulk material. The
decreased force constant allows surface phonons to exist at decreased frequency, often within the
forbidden phonon spectrum. [224, 226] The vibrational amplitudes of these surface phonons
typically decay nearly exponentially as they enter the bulk material. [223-226] However, surface
phonons may persist as long as no bulk modes of the same symmetry, energy level, and wavevector
exist. Additionally, there may exist surface-phonon resonances, which are bulk phonon modes
with amplified magnitude at the surface. [224]
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Phonons directly influence not only material properties such as thermal, electrical, and
optical as stated above, but are also responsible for macroscopic elastic properties. [223, 224] The
springlike deformations between atoms which result in microscopic atomic oscillations, phonons,
are strongly coupled to, and allow for macroscopic elastic deformation. As illustrated in the
previous section, each phonon or lattice vibration may be first approximated as harmonic
oscillators. However, under this first order approximation, the crystal lattice structure, bond angle,
and bonding behavior are forced as fixed. Fixing these parameters can only approximate the
harmonic interaction between atoms within the material. In order to include nonlinear lattice
effects, including phonon scattering and thermal reconfiguration, the lattice potential must be
analyzed with higher order elements included. [228] Inclusion of higher order potential terms
allow for the momentary recombination of bonds, bond angle, and coordination number. [224,
228] Recently reported, varying phonon modes across bonding interfaces can modulate the
electron hopping or electron density within chemical bonds. [229-230] These phonon-electron
reconfigurations may cause localized bond reconfiguration when in the presence of varying
phonon modes. These higher order potential effects are additionally responsible for the strong
interaction between phonons and photons, described in Section 7.3.6 and 7.6.
7.3.5 Bosons
Bosons are a classification of elementary, composite, or quasi-particles which have integer
spin. [223-224] This contrasts with other elementary particles which have half-integer spin, called
fermions. Bosons obey the Bose-Einstein statistical distributions whereas fermions obey the
Fermi-Dirac statistical distributions. Bosons are typically thought of as the force carrying particles,
whereas fermions are those which make up matter. Bosons may exert a force or interact with
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fermions. For example, photons and phonons, both bosons, influence the potential energy function
of electrons and protons, which are fermions.
Due to the integer spin property, bosons are not subject to the Pauli-exclusion principle.
That is, two or more bosons may occupy the same quantum state simultaneously. Moreover, at the
same quantum state, two or more bosons may become indistinguishable from each other. This
unique property gives rise to strong interactions between bosons. [224]
7.3.6 Photon-Phonon Interaction
Photon interaction with a solid material is related to the dielectric polarization and atomic
polarization, comprising ionic and electronic oscillations. [224] It is assumed here that although
this present study investigates conducting solid materials, no real material here is a perfect or ideal
conductor. That is, all material presented here has measurable, non-infinite, conductivity. As such,
the materials may be thought of on the spectrum of semiconductors, where the theory and
methodology of semiconductors may be leveraged in an attempt to conceptualize the mechanism
of electrochemical manipulation through low magnitude electromagnetic radiation. The
explanation of photon-phonon interaction will begin with a discussion of electric fields related to
material polarizability and the dielectric response, before discussing the polariton.
To begin a derivation relating to electric fields and polarizability, a generic isotropic crystal
is assumed with a spherical charge cavity where the electric field may be calculated. [224] The
local field is the summation of the external and surface field. The presence of dielectric polarization
increases the local electric field. Eq 7.3.6 describes the field.
𝐸𝑙𝑜𝑐 = 𝐸𝑒𝑥𝑡 + 𝐸𝑠𝑢𝑟𝑓
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(7.3.6)

Here, the surface field is taken as the electric field at the center of the of the charged spherical
cavity. By Maxwell’s equations (Eq 7.2.1 and 7.2.2) and evaluating the field in a spherical cavity,
it can be shown that
𝐸𝑠𝑢𝑟𝑓 =

1
(𝜀 − 1)𝐸𝑒𝑥𝑡
3

(7.3.7)

𝜀+2
𝐸𝑒𝑥𝑡
3

(7.3.8)

Which gives
𝐸𝑙𝑜𝑐 =

The total polarization per unit volume can therefore be determined as the summation over N atoms
with individual polarization, 𝛼, as given in Eq 7.3.9.
𝑃 = 𝜀𝑜 𝐸𝑙𝑜𝑐 ∑ 𝑁𝑗 𝛼𝑗 = 𝜀0
𝑗

𝜀+2
𝐸𝑒𝑥𝑡 ∑ 𝑁𝑗 𝛼𝑗
3

(7.3.9)

𝑗

Where electric polarizability, P, is equal to 𝑃 = 𝜀0 (𝜀 − 1)𝐸𝑒𝑥𝑡 . Substituting in for P, the classic
Clausius-Mossotti [224, 231] relation is obtained, Eq 7.3.10, relating the dielectric constant of the
material to the atomic polarizability.
𝜀−1 1
1
= ∑ 𝑁𝑗 𝛼𝑗 =
∑ 𝛼𝑗
𝜀+2 3
3𝑉
𝑗

(7.3.10)

𝑗

Where V is taken as volume, equal to 𝑉 = ∑

1

𝑗 𝑁𝑗

. Note that the dielectric constant of a material is

defined as the ratio of permittivity within the material to that of free space, or vacuum. When
summing atomic polarizability within at least a partially ionic material, the polarizabilities of
multicomponent compounds is additive. Additional details on determining the atomic
polarizability can be found in the 1986 publication by Shanker et al. [231]
Assuming the material exhibits at least limited ionic characteristics within a crystal lattice,
the atomic polarizability is characterized by two distinct features. First, there is an ionic
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component, 𝛼𝑖 , which is determined by the relative shift of oppositely charged ions. Second, there
is an electronic component, 𝛼𝑒 , which is determined by the relative shift of electrons. The static,
or static total, dielectric constant is obtained by the summation of both components. Following
from Eq 7.3.10, the static dielectric constant is obtained by Eq 7.3.11.
𝜀𝑠𝑡𝑎𝑡 − 1 1
= (𝑁 𝛼 + 𝑁𝑒 𝛼𝑒 )
𝜀𝑠𝑡𝑎𝑡 + 2 3 𝑖 𝑖

(7.3.11)

Additionally, it may be assumed that when subjected to high frequency external electric fields,
only electron shifts are possible. Therefore, it is common to define an optical dielectric constant,
𝜀𝑜𝑝𝑡 , which is dependent only on the electronic polarizability. The optical dielectric constant is
expressed as Eq 7.3.12.
𝜀𝑜𝑝𝑡 − 1 1
= (𝑁 𝛼 )
𝜀𝑜𝑝𝑡 + 2 3 𝑒 𝑒

(7.3.12)

Therefore, the atomic ionic polarizability may be simply related to the difference between Eq
7.3.11 and 7.3.12. Atomic ionic polarizability is typically on the order of 1/Ni~10-24 cm3. Ionic
polarizability increases with number electrons along each row of elements and increases with
increasing nuclear charge. It has been reported that the assumption of ionic polarizability is valid
for even predominately covalent crystals. [224]
The presence of polarizability in semiconductors and nonideal conductors results in a timedelayed dynamic response of the material to changes within the external electric field. Inertial
constraints, when dealing with non-massless charged particles, require finite time for all material
responses. Moreover, the varying dielectric constants within a material, ie optical, static, and
differences between elements, introduce multiple time scales at which each finite response can
occur. [223-231] The dielectric displacement is thus
𝐷(𝑡) = 𝜀0 𝐸(𝑡) + 𝑃(𝑡)
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(7.3.13)

Which indicates that the dielectric displacement response, D(t), is the summation of the time
dependent changing electric field and induced time dependent polarization at a point in the
material. Since P(t) is in response to E(t), the two may be related by some function in time. [224]
However, when investigating wave-like properties, it is more convenient to express quantities in
the frequency domain. As such, the frequency dependent polarization may be related to the
frequency dependent electric field by a frequency dependent susceptibility function, given by
𝜒̃(𝜔).
𝑃(𝜔) = 𝜒̃(𝜔)𝐸(𝜔) =

1
√2𝜋

+∞

∞

𝑃(𝑡)e−iωt 𝑑𝑡, 𝑤ℎ𝑒𝑟𝑒 𝑃(𝑡) = ∫ 𝑓(𝜏)𝐸(𝑡 − 𝜏)𝑑𝜏 (7.3.14)

∫
−∞

0

Such that
∞

𝜒̃(𝜔) = 𝜒 ′ (𝜔) + 𝜒 ′′ (𝜔) = ∫ 𝑓(𝑡)𝑒 −𝑖𝜔𝑡 𝑑𝑡

(7.3.15)

0

With
∞

𝜒 ′ (𝜔) = ∫ 𝑓(𝑡) cos(𝜔𝑡) 𝑑𝑡 𝑎𝑛𝑑 𝜒 ′ (𝜔) = 𝜒 ′ (−𝜔)

(7.3.16)

0
∞

𝜒

′′ (𝜔)

= ∫ 𝑓(𝑡) sin(𝜔𝑡) 𝑑𝑡 𝑎𝑛𝑑 𝜒 ′′ (−𝜔) = −𝜒 ′′ (𝜔)

(7.3.17)

0

Here, 𝜒̃(𝜔) is an arbitrary function relating the polarizability and the electric field. Therefore, a
similar relation may be developed utilizing the dielectric properties within the frequency domain,
relating the time dependency of the dielectric response.
The relation between 𝜒 ′ and 𝜒 ′ ′ may be further analyzed through a Hilbert transformation [224],
given in Eq 7.3.18.
+∞

𝑷∫
−∞

sin(𝜔𝑡)
𝑑𝜔 = 𝜋 cos(𝜔𝑎 𝑡)
𝜔 − 𝜔𝑎
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(7.3.18)

Where, as before, P, represents the Cauchy principal value of the integral and 𝜔𝑎 is some arbitrary
frequency at which to evaluate. Eq 7.3.18 can then be substituted into Eq 7.3.16 and 7.3.17, before
being further substituted into Eq 7.3.15. When performing the substitutions, contribution for t<0
is assumed to be identically zero. After algebraically reducing and rearranging the following
integrals may be obtained.
∞
2
𝜔𝜒 ′′ (𝜔)
𝑷∫
𝑑𝜔
𝜋 0 𝜔 2 − 𝜔𝑎2

(7.3.19)

∞
2𝜔𝑎
𝜒 ′ (𝜔)
𝑷∫
𝑑𝜔
2
2
𝜋
0 𝜔 − 𝜔𝑎

(7.3.20)

𝜒 ′ (𝜔𝑎 ) =

𝜒 ′′ (𝜔𝑎 ) =

Eq 7.3.19 and 7.3.20 are the Kramers-Kronig relations if 𝜀̃ is used in place of the arbitrary function,
𝜒̃. The Kramers-Kronig relations illustrate the independence of 𝜀′′ and 𝜀′ on each other and the
given frequency across the entire frequency spectrum [224]. Here, 𝜀′ and 𝜀′′ are commonly known
as the extinction coefficient and the dielectric constant, respectively. The above relations allow
one to determine the relative dispersion process to absorption process across the electromagnetic
frequency spectrum. Interestingly, there cannot be dispersion without absorption. If 𝜀′′ = 0,
indicating no absorption, then 𝜀′ = 1 and no dispersion can occur, and vice versa.
After deriving the relations between external electric field and polarizability, describing
the time-dependent dielectric response of semi or nonideal conductors, the interaction of the
electromagnetic wave to phonon modes and lattice vibrations may be analyzed through classical
mechanics and elementary oscillators, or through a discussion of the polariton. This work is
designed to develop a theoretical framework by which to interpret the experimental results and
conceptualize the mechanism of surface electrochemical manipulation. As such, this work will
proceed by leveraging the concept of a polariton, rather than utilizing elementary oscillators. A
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detailed derivation of elementary oscillators as it relates to electric field-phonon interaction can be
found in reference material of this work. [224]
Since photons and phonons are both bosons, there exists a strong interaction between the
two quasiparticles. Once a photon enters the crystal lattice of the semi/nonideal conductor, the
interaction between photon and phonon leads to an indistinguishable state. Within the material,
both physical vibrations, the phonon, and electromagnetic energy, the photon, are simply
associated with the evolving oscillations of charges and the coupled electromagnetic potential
forces. Therefore, the name of polariton, or phonon-polariton, is given to describe the mixed state
of photon and phonon. Additional coupled states, relating to the polariton, are the exciton-polariton
which links a bound state of an electron and electron hole to the polariton, and the plasmonpolariton, describing the coupling to photon and free electron interaction. There is a distinct
dispersion relation which exists between photons and phonons, first observed by Henry and
Hopfield in 1965 for GaP. [232] The observed dispersion spectrum serves as foundational proof
of the existence of phonon-polaritons. If no interaction occurred, no dispersion spectrum would be
observable, Fig 7.3.1 B. However, according to the von Neumann non-crossing principle [223224], there is a distinct split within the dispersion spectrum because there is interaction between
the quasiparticles. This is pictorially represented in Fig 7.3.1 A, following the dispersion relation
derivation. The observed dispersion split may be obtained through Maxwell’s equations and the
equation of motion within the polarization field. Eq 7.3.21 is equal to that from Eq 7.2.22. Eq
7.3.22, however, is Eq 7.2.23 with the addition of the polarization field, P. Eq 7.3.23 is the equation
of motion within the polarization field. [224]
⃑∇ × 𝐸⃑ = −𝜇

235

⃑
𝜕𝐻
𝜕𝑡

(7.3.21)

⃑ × 𝐻
⃑ =𝜀
∇

𝜕𝐸⃑
𝜕𝐸⃑ 𝜕𝑃⃑
+ 𝜎𝐸⃑ = 𝜀
+
𝜕𝑡
𝜕𝑡 𝜕𝑡

𝜕 2 𝑃⃑
+ 𝜔02 𝑃⃑ = 𝜒𝜀0 𝐸
𝜕𝑡 2

(7.3.22)

(7.3.23)

Where 𝜔0 is the eigenfrequency of the free oscillator (phonon, exciton, or plasmon), 𝜀0 is the
permittivity of free space, and 𝜒 is the arbitrary function relating the time dependent response of
the polarization field to the changing electric field. The above equations define the electric,
magnetic, and polarization fields, respectively. As before, in Section 7.2, this derivation assumes
linear polarized waves, propagating in the z direction. Similarly, the electric field is contained
within the x coordinate and the magnetic field within the y coordinate. Since the polarization field
is in response to the varying electric field, the polarization field is also assumed to be contained
within the x coordinate. The following field forms are assumed.
𝐸⃑ = 𝐸𝑥 = 𝐸0 𝑒 𝑖(𝑘𝑧−𝜔𝑡)

(7.3.24)

⃑ = 𝐻𝑦 = 𝐻0 𝑒 𝑖(𝑘𝑧−𝜔𝑡)
𝐻

(7.3.25)

𝑃⃑ = 𝑃𝑥 = 𝑃0 𝑒 𝑖(𝑘𝑧−𝜔𝑡)

(7.3.26)

Substituting the assumed formed into Eq 7.3.21, 7.3.22, and 7.3.23, yields
𝑘𝐸𝑥 − 𝜔𝜇𝐻𝑦 = 0

(7.3.27)

−𝑘𝐻𝑦 + 𝜀𝜔𝐸𝑥 + 𝜔𝑃𝑥 = 0

(7.3.28)

(𝜔2 − 𝜔02 )𝑃𝑥 − 𝜒𝜀0

(7.3.29)

These relations can then be substituted into one another and algebraically reduced to eliminate Ex,
Px, and Hy, which gives
𝜔4 − (𝜔02 +

𝜒𝜀0 𝑘 2
𝑘 2 𝜔02
+ ) 𝜔2 +
=0
𝜀
𝜀𝜇
𝜀𝜇
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(7.3.30)

The resulting dispersion curves from Eq 7.3.30, illustrate a clear split when energy (y-axis) is
plotted against wavenumber, k (x-axis), indicating significant phonon-polariton interaction. The
longitudinal branch demonstrates a slope approaching
branch illustrates a slope approaching

𝑐
√𝜀𝑠𝑡𝑎𝑡

𝑐
√𝜀𝑜𝑝𝑡

near k=0, whereas the transverse

, where c is taken as the speed of light. [223-224]

Figure 7.3.1 below pictorially presents the dispersion relation with and without interaction. [224]

Figure 7.3.1: (A) Dispersion relation for phonon-polariton interaction. (B) Dispersion
relation for no interaction.
A

B

Images reproduced from Böer, et al, Semiconductor Physics, Copyright 2018, Springer
Publishing.
As illustrated in Fig 7.3.1 B, if no interaction persisted between the phonon and photon,
the plot of energy versus wavenumber, k, would be a steady horizontal line related to the energy
of the transverse optical branch of vibration, TO. Moreover, the photon’s energy would be
proportional to the wavenumber, represented by a straight line with positive slope. However, as
seen in Fig 7.3.1 A, the phonon-polariton energy near k=0, is closer to that of the longitudinal
optical branch, LO, when interacting with a photon. The energetic behavior near k=0 is
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significantly altered due to the polariton. As the wave number substantially increases, there is a
return toward noninteracting behavior and the distinct energy trends of the phonon and photon
may be once again obtained.

7.4 Temporally and Spatially Varying Electromagnetic Radiation on a
Complex 3D Surface and Interface
Traditionally, and as done in the above sections, when analyzing electromagnetic radiation
incident on the surface of or at the boundary with a conductor, the surface of the conductor is
assumed to be flat and, at least, semi-infinite. However, when investigating the effects of
electromagnetic radiation on surface electrochemistry, the surface must be considered at an
appropriate surface bonding length scale. Therefore, if one investigates a real surface, as those
presented here, at the length scale of the lattice parameter, for example, there will be significant
topographical features. The assumption of a uniform, flat surface is invalidated when considered
at this more appropriate scale. A visual schematic of the nonuniformity is presented in Fig 7.4.1.
Fig 7.4.1 is provided here to help the reader visualize surface complexity and is not drawn at scale.
The complex microscopic topographical features persist in all directions across the surface. The
surface roughness of real samples may be seen in the experimental SEM analysis provided in
Chapters 5 and 6.
The incident electromagnetic radiation is also often considered to be uniformly distributed
across the surface and propagating normal to the plane of the conductor. However, for a real
conducting surface, such as a THA implant, the incident electromagnetic radiation may be
temporally and spatially varying as the individual moves through their natural environment.
Furthermore, the incident electromagnetic radiation is not limited to a single source. Therefore,
the equivalent electromagnetic field may have a unique propagation direction, magnitude, and
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phase at each point on the surface, and thus must be evaluated uniquely at every point along the
uneven surface. To illustrate this point, Fig 7.4.1 schematically shows the variation in incident
electromagnet radiation, labeled EI 1-5.
Figure 7.4.1: Schematic of equivalent electromagnetic radiation on a more complex surface
topography.

EI represents the propagation of an incident electric field. The subscripts labeled 1-5 on the
incident electromagnetic radiation are used to denote location when discussing the figure. At
each point the surface normal and tangential directions are illustrated by En and Et, respectively.

At each point along the surface, the incident electromagnetic radiation may be decomposed
into normal and tangential components. Fig 7.4.1 illustrates the decomposition into the surface
normal and one tangential component in 2D. However, for a 3D surface, the incident field would
be decomposed into a surface normal and two tangential components for each the electric field and
coupled magnetic field. In order to properly describe the field as it pertains to surface
electrochemical reactions, the electromagnetic field should be solved at every point along the
boundary at an appropriate length scale to capture the lattice interaction, as described in Section
7.3.6. Additionally, the boundary is considered to be any interface between two continuous media.
That is, the physical boundary between the conductor’s surface and surrounding media, but also
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the interface between continuous crystal structures and grains within the conductor. For CoCrMo,
this would include any interface between 𝜀 and 𝛾 phases, and any distinguishable defect or grain
boundary.
As described in the above sections of Chapter 7, when electromagnetic radiation interacts
with a surface, a charge density, 𝜌(𝑟, 𝑡), and current density, 𝑗(𝑟, 𝑡), develop, inducing a surface
charge density, 𝜎(𝑟, 𝑡), and surface current density, 𝑖(𝑟, 𝑡). The charge and current densities are
related to the electric and magnetic field densities by Maxwell’s equations, as demonstrated in
Section 7.2 and 7.3. However, when considering an arbitrary surface boundary, it becomes
necessary to include two additional Maxwell equations, relating to the divergence of the electric
and magnetic field, Eq 7.4.1 and 7.4.2.
⃑
𝜌
∇ ∙ 𝐸⃑ = 𝜀

0

⃑ =0
∇∙𝐻

(7.4.1)
(7.4.2)

In an analysis following that published by Arnoldus in Optics Communication [233], a continuity
equation describing conservation of charge may be obtained within a continuous medium, by
taking the divergence of Eq 7.2.2 and substituting in Eq 7.4.1, resulting in Eq 7.4.3.
∇∙𝑗=−

𝜕𝜌
𝜕𝑡

(7.4.3)

However, across the boundary of two continuous media, the electric, magnetic, charge density,
and current density fields, may in general, be discontinuous. [223-224, 233] At a boundary or
interface, only the tangential component of the electric field is required to be continuous, and only
the normal component of the magnetic field is required to be continuous. However, the continuity
equation, and thus conservation of charge, must be satisfied at all points along the boundary.
Despite this, the discontinuities in the electric and magnetic field leave the divergence and curl
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operations in Maxwell’s equations undefined. To obtain the continuity equation across the
boundary, Arnoldus [233], integrates Eq 7.4.1 and 7.4.2 over a volume which contains an arbitrary
point on the boundary, while allowing for surface charge density, and then shrinks the volume to
a Gaussian pillbox. He then integrates Eq 7.2.1 and 7.2.2 over a Stokessian loop around the point.
This then allows Eq 7.2.1 and 7.2.2 to be expressed across a boundary in the following form.
𝐸⃑2 − 𝐸⃑1 =

𝜎
𝑛̂
𝜀0

⃑2−𝐻
⃑ 1 = 𝜇0 𝑖 × 𝑛̂
𝐻

(7.4.4)
(7.4.5)

Where 𝑛̂ is the unit normal, from medium 1 to 2, and the subscripts 1,2 represent the fields within
the respective media. Arnoldus continues his derivation by taking the cross product of Eq 7.4.5
with the unit normal on both sides of the equation, which gives.
𝑖=

1
⃑2−𝐻
⃑ 1)
𝑛̂ × (𝐻
𝜇0

(7.4.6)

The divergence of 𝑖 on the surface, S, which lies on the boundary of the two media, is then
considered. The values of the magnetic fields just within each medium do not lie in the local
tangent plane with the surface S. However, the RHS of Eq 7.4.6 is a vector within the tangent plane
due to the cross product with the unit normal on the surface, S. Therefore, the divergence of surface
current density on S, is defined.
Arnoldus therefore uses the following theorem:
“Let F be a vector field in space. Then F also have a value on and near the surface,
S. The theorem then states that the surface divergences of 𝑛̂ × 𝑭, which is a vector
in the tangent plane, can be expressed as ∇𝑠 ∙ (𝑛̂ × 𝑭) = −𝑛̂ ∙ (∇ × 𝑭), where
∇ × 𝑭 on the right-hand side is the usual curl of F in three dimensions”[233]
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The proof of this theorem is provided in the reference literature of this work, in Appendices
A-C of Arnoldus in Optics Communications. [233]
Applying this theorem to Eq 7.4.6, yields
∇𝑠 ∙ 𝑖 = −

1
⃑2−∇×𝐻
⃑ 1)
𝑛̂ ∙ (∇ × 𝐻
𝜇0

(7.4.7)

Since the magnetic fields obey Maxwell’s equations, Eq 7.2.2 may be substituted into Eq
7.4.7. Eq 7.4.4 may then be further substituted and reduced, resulting in the continuity
equation at the boundary, Eq 7.4.8.
∇𝑠 ∙ 𝑖 = −𝑛̂ ∙ (𝑗2 − 𝑗1 ) −

𝜕𝜎
𝜕𝑡

(7.4.8)

Therefore, the divergence of surface current density is related to the normal
component of the difference between the current densities, within both continuous media
just beyond the interface, minus the time derivative of the surface charge density. The same
continuity equation may be obtained by directly solving the conservation of charge within
the Gaussian pillbox across a tangential plane within the boundary, instead of through
Maxwell’s equations. [210-213, 223-224, 233] This continuity equation and conservation
of charge must be satisfied at all interfacial boundaries when analyzing the resulting field
from incident electromagnetic radiation. In the case of finite surfaces subjected to
temporally and spatially varying electromagnetic fields from varying radiation sources, the
allowable discontinuities in the electric, magnetic, current density, and charge density
fields, so long as charge is conserved, in combination with non-ideal conductors (with
induced polarization fields) allows for highly 3D electromagnetic fields to develop at the
boundary between the conducting solid and surrounding medium. Further discussion of
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how these 3D fields may develop and generate an electrochemical force is saved for Section
7.7, below.

7.5 Possible Variations in Surface Electrochemical Reactions by Direct d-band
Center Shifting
Expanding upon the Newns-Anderson model presented in Chapter 2, this section will
discuss, qualitatively, the implications of Sections 7.2-7.4 on possible surface electrochemical
manipulation. Whether established naturally, as in the case of the layered perovskite membrane
via internal transport phenomena, or externally imposed, as in the case of the THA implant via
ambient electromagnetic radiation, the presence of temporally and spatially varying electric fields
influence a significant amount of the bulk material near a surface. As illustrated in Section 7.2.1.1
the entire spectrum of manmade electromagnetic radiation will impose an electric field on a
minimum of 1000 lattice units beneath the surface on a CoCrMo THA implant. Additionally, at a
boundary between two finite conductors, transmitted electromagnetic radiation becomes non-zero.
That is, as in Section 7.2.1.2, between a CoCrMo implant and human synovial fluid, the implant
can no longer be treated as a perfect reflector. These considerations are not sufficiently addressed
within modern surface chemistry models, such as the Newns-Anderson model as outlined in
Section 2.4.2.
The News-Anderson model assumes the standard definitions of the electronic Hamiltonian
and Schrödinger’s wave equation without overlap between the free adsorbate and metallic surface,
Eq 2.4.7 and 2.4.8, respectively. These assumptions prevent intractability when calculating
chemisorption energies and the resulting higher order inaccuracies are presumed to be negligible.
[19, 28-33] However, as demonstrated within Section 7.3, higher order terms within the potential
functions of the lattice are responsible for describing phonon interaction effects, dynamic lattice
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behavior, as well as contributing to many material properties. Furthermore, the periodicity of the
lattice and possible resonant frequencies are not captured by the simple Hamiltonian definition, as
outlined in Section 7.3.2. Traditionally, the frequency of electromagnetic radiation was assumed
to be sufficiently small enough in comparison to electron orbital frequency to be neglected. [1419, 210-212] However, if one views the electron as a participating particle within a larger lattice,
instead of an individual particle independent of higher order effects, it is clear that the electron is
subject to perturbations within that larger lattice, as in Section 7.3.6. Thus, the continuum of scale
between the electron and the complete lattice must be solved for, to accurately capture the
electron’s behavior in bonding. Manmade electromagnetic radiation and resulting electric potential
fluctuations share significant overlap in frequency with electromagnetic forces, bosons, and
phonons contained within the lattice.
Therefore, to accurately capture the fluctuations and dynamics induced by nonionizing,
varying electromagnetic fields on chemisorption energies, higher order terms must be included
within the potential energy function. Additionally, the potential energy function within the
Hamiltonian must be structured in such a way to capture the periodicity of the lattice, as proposed
by Bloch. [223] This should be calculated for all matter subjected to the externally imposed electric
field, as the evolution of the electric field progresses. That is, the electric field affecting the
bonding surface atoms will be influenced by the evolution of the total electric field incident upon
the surface, as well as that emanating from the bulk material below, as discussed in Section 7.4
and 7.7.
This will likely render the updated Newns-Anderson model DFT calculations intractable
or prohibitively computationally expensive. As a result, additional computational techniques may
be required to accurately calculate /capture such effects. Future work may require integration of
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DFT with quantum field theory (QFT) and quantum electrodynamics (QED). QED is the quantum
counterpart to the classical Maxwell equations within QFT. In QED, the electromagnetic field is
quantized, similar to the boson representations of the phonon and photon, and each fermion is
described by its relativistic equation of motion. Equations are then solved via perturbation theory
to avoid complex divergences and indeterminants. Further discussion of QFT and QED are beyond
scope of this dissertation and will be left for future study. Details on QFT and QED are provided
within the source material of this work for the interested reader. [234-235] This work will, instead,
focus on conceptualizing the resulting mechanism of electrochemical manipulation.
It is clear from the above discussion and preceding sections, namely Sections 2.4, 2.5, 7.2,
7.3, and 7.4, that the presence of varying electromagnetic fields may introduce significant
alterations to the natural behavior of the valence electrons and the lattice in which they are held.
As such, the temporally and spatially varying electromagnetic fields will generate significant
temporally and spatially varying potentials throughout the material, which may be heightened at
the surface, following Section 7.3.6. The fluctuating potential energy, and coupled lattice kinetic
energy, will result in modifications to the d-band electrons, as outlined in Chapter 2. If it is further
presumed that the Fermi level remains fixed (which is reasonable for non-ionizing electromagnetic
energy [32, 33]) the induced potential fluctuations within the valence electrons will result in a shift
of the d-band center and related moments. Following from Section 2.4.3, a d-band center shift will
fundamentally change the chemisorption energy and catalytic behavior of a particular system.
When considering a complex system, such as a CoCrMo implant, an alteration in
chemisorption energy may result in a preferential shift toward electrochemical surface reactions
that would be less probable when analyzing the system at steady state. As the electromagnetic field
evolves and interacts within the lattice, oscillating modes of d-band center shifts may develop
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across the surface. Moreover, as a result of the fluctuating induced potential shifts, the d-band
center may shift in either direction with respect to the Fermi level. This means that at a given
localized area, the chemisorption energy of a given adsorbate system may dynamically increase
and decrease over time. The dynamic electrochemical behavior is further complicated by the
complex chemical nature of the implanted environment. Synovial fluid, as outlined in Chapter 5,
is a chemically complex solution with significant elemental variation. Therefore, even minor dband shifting and the resulting catalytic behavior modification on the surface may preferentially
excite different adsorbate molecules, leading to the formation of time evolving, complex, and
localized adsorbate systems.

7.6 Possible Variations in Surface Electrochemical Reactions by PhononPolariton Excitation and Lattice Manipulation
Developing upon the theoretical background presented in Section 7.3 and 7.4, this section
provides a potential mechanism of electrochemical manipulation resulting from the interaction of
photons, quantized electromagnetic energy, and phonons, quantized lattice vibrations. This section
should be interpreted while simultaneously acknowledging the inherent coupling of d-band shifts,
Section 7.5, and phonon excitation. In order to properly conceptualize the proposed mechanism of
action, the reader should accept the bosonic viewpoint of the photon, phonon, polariton, exciton,
and plasmon. It is critical to not interpret each quasi-particle by their physical expression, but to
interpret each as a boson. Thus, each quasi-particle should be interpreted simply as a quantized
packet of energy associated with an interaction of an electric and magnetic field. [210-212, 223224] From a quantum and wave-like viewpoint, all bosonic quasi-particles may become
indistinguishable from one another and may be described by the same quantum state at some point,
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as discussed in Section 7.3.6. [224] As such, all quasi-particles discussed here may be
conceptualized as the electromagnetic energy with varying physical expressions.
Once the bosonic interpretation is accepted, it becomes trivial to conceptualize the
interaction between photons and phonons. Expanding upon the basic principles of quantum
absorption and emission, whereby photons may be exchanged by electron state transition [223230], it is possible to imagine a similar interaction between photons and phonons. As derived in
Section 7.3, a photon may be absorbed into a lattice if it falls within the phonon spectrum.
However, a discrete phonon spectrum may approach a continuum as crystallographic structure
increases in complexity and in the local vicinity of a surface, boundary, or defect. Phonon
frequency for complex structures display significant overlap with electromagnetic radiation and
electrical oscillations recorded throughout this work. [225-227] As such, incident photons or
natural electric oscillations on the surface of a non-ideal conductor arranged in a crystal lattice
may excite localized phonon, plasmon, or exciton modes. [224] If higher order lattice effects are
allowed to persist, the lattice may be viewed as ever evolving interatomic interactions, capable of
reconfiguration. Since phonons are a result of the harmonic potential oscillations within
interatomic bonds, they are associated with many material properties, including thermal, electrical,
chemical, and optical properties. [223]
An incident photon or low magnitude electric potential oscillation may couple to excite a
localized phonon mode within the crystal lattice of material. In addition to inciting a potential
energy shift within the material, as described in Section 7.5, the excited phonon mode may result
in a localized, momentary coordination number modification. As a lattice vibration is
preferentially excited, a coordination number reassignment could momentarily occur along that
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phonon mode. Such coordination number modification has been recently recorded in the literature.
[229-230]
As a simplified thought experiment to illustrate this point, imagine a simple cubic structure,
where the standard coordination number is 6. However, at the boundary or surface, the
coordination number must be less than 6 because of the missing neighbors. Now imagine a
breathing phonon mode is excited around a central atom on the surface of this fictitious crystal
lattice. As the phonon is excited, the vibrations of neighboring atoms increase. The magnitude with
which the neighboring atoms approach toward and retract away from the central atom increases.
As the neighboring atoms approach the central atoms, a mild bonding type behavior may be
established with additional neighboring atoms, thereby increasing coordination number. However,
as the neighbors retract away from the central atom, the central atom may lose its connection to
the farthest neighbor, thereby reducing its coordination number.
As previously discussed in Chapter 2, a modification in coordination number will trigger a
manipulation of chemisorption energy, modifying the catalytic properties at a heterogeneous
boundary. Similarly, to the previous section, the modification in coordination number is presumed
to persist in any direction. As the induced electric field evolves over time, so could the excited
phonon modes. Therefore, phonon modes may be excited during an initial period and then may be
dampened in the next. The coordination number may thus increase or decrease in response to the
state of the phonon mode, resulting in dynamically increasing and decreasing chemisorption
energies.
Furthermore, these phonon excitations would be more likely to occur at or near grain
boundaries, surfaces, and defects where phonons persist beyond the accepted spectrum calculated
for the uniform bulk material. These are the same types of locations identified in Section 2.5, as
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locations of increased potential where corrosion is likely to initiate. Therefore, this proposed
mechanism of electrochemical manipulation will accelerate known corrosion systems, while
simultaneously broadening the probability of possible chemical reactions.

7.7 Possible Variations in Surface Electrochemical Reactions by Induced,
Complex 3D Electric Fields
Following directly from Sections 7.2 and 7.4, this section discusses how the presence of
varying electromagnetic fields, from multiple simultaneous sources, incident on the surface of a
finite conductor, may generate complex 3D electric fields capable of exerting an electrochemical
force. This section uses a typical CoCrMo THA implant as the basis for discussion. Beginning
with Section 7.2 and progressing through Sections 7.3 and 7.4, this discussion will illustrate how
each theoretical subsection contributes to the creation of a possible normal electric potential,
capable of driving transient electrochemical reactions between the surface and surrounding fluid.
Two primary assumptions commonly used when deriving the effects of incident electromagnetic
radiation are highlighted again here as being significantly inaccurate when investigating this
phenomenon. The now inaccurate assumptions are as follows: 1) Assuming a good conductor as
an ideal conductor, and 2) Assuming that the conductor may be treated as a semi-infinite solid.
The complexity of electromagnetic fields capable of driving electrochemical manipulation would
not develop if real materials were ideal and infinite conductors. However, real materials have finite
conductivity and dimensions. It is this simple change that is demonstrated to have significant
implications when analyzing an electrochemical system.
As stated above, it is common to assume that electromagnetic effects are contained within
a small distance of the surface, the skin depth, and to treat the underlying bulk material then as
quasi-infinite. [210-213] However, depending on the frequency of the electric field, the penetration
249

into CoCrMo, as shown in Table 7.2.2, may be in the range of 10’s of mm to 10’s of μm. If the
conductor was treated as semi-infinite, this skin depth would be assumed to be significantly less
than the bulk material and disregarded. However, when these penetration depths are compared to
the finite size of a typical hip implant and to the lattice parameter length, it becomes clear that the
penetration depth is non-negligible. Additionally, if CoCrMo is treated as an ideal conductor,
conductivity being infinite, the skin depth, would be identically equal to zero. Yet, as seen in
Section 7.2, CoCrMo has finite conductivity, significantly less than Cu. As such, the assumption
of an ideal and semi-infinite conductor is inaccurate. Fig 7.7.1. below is a photograph of a standard
THA implant with a ruler for size comparison.
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Figure 7.7.1: Photograph of Stryker AccoladeTM modular THA implant.

The femoral spike is TiAl6V4 with a CoCrMo stem and neck. The femoral spike is pictured
next to two common sizes of CoCrMo femoral heads. A ruler is placed to the left of the
implant for size.

As shown in Fig 7.7.1, the total length of the implant along the major axis is approximately
150 mm. The width varies from ~4 mm at the point to 30 mm at the widest. The femoral neck
diameter is ~9mm. At the point, the femoral spike measures ~3 mm, and thickens to ~7 mm as the
femoral neck is approached. The larger femoral head measures 40 mm in outer diameter (OD),
whereas the smaller measure 30 mm OD. Each femoral head is machined with a female taper,
matching that of the male femoral neck taper.
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When comparing the calculated electromagnetic penetration depths, Table 7.2.2, to the
characteristic lengths obtained from physical implant measurements, Fig 7.4.1, one quickly
realizes that the two sets of measurements are on the same order of magnitude for much of the
electromagnetic frequency spectrum in question. Electromagnetic radiation at 60 Hz is capable of
penetrating through nearly one half of the total implant length along the major axis. Frequencies
up to ~103 Hz can penetrate through the entire thickness of the femoral spike and neck.
Electromagnetic radiation at ~104 Hz is capable of penetrating through 4.6 mm of CoCrMo.
Therefore, such electromagnetic radiation is capable of penetrating all the way through sections of
the femoral spike and through half of the femoral neck. Furthermore, when compared to the largest
lattice parameter, the highest manmade electromagnetic radiation ~1012 Hz, introduces an
externally imposed electric field over 1000 lattice units deep.
Within the implanted environment, all surfaces of the THA prosthetic will be subject to
electromagnetic radiation from multiple radiation sources, across the frequency spectrum, with
varying magnitudes and phase angles. Therefore, much of the metal alloy will be influenced by a
penetrating electromagnetic field. Additionally, the implant itself may reflect a significant portion
of the incident electromagnetic field between physical junctions of the implant. At the modular
junction, the female taper of the femoral head and the male taper of the femoral neck are pressed
into contact. However, overtime, an interfacial gap may open, allowing for the potential wetting
of the interface, [39, 51, 191] as well as incident electromagnetic radiation within the crevice. The
electromagnetic fields may be continually reflected within the interface and combine with
penetrating electric fields, generating an increased location of enhanced electromagnetic energy.
This may also happen within areas of increased topology as described in Section 7.4.
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In order to properly describe the electric and magnetic fields around the implant, the
equivalent incident electromagnetic field must be calculated at each point along the surface, as
outline in Section 7.4. Depending on the frequency components present within the electromagnetic
radiation, the effects of the penetrating electric field must be calculated for all material beneath the
surface that will be influenced by its presence, i.e. the material within the largest calculated skin
depth. In addition, the time dependent dielectric and polarization response for non-ideal conductors
must be properly incorporated, along with the penetrating electric field, as outlined in Section
7.3.6. Throughout the entire system and for all time, Maxwell’s equations should be met. At all
boundaries within the material, such as grain boundaries or interfaces, the continuity equation and
condition of charge conservation must be met. Additionally, at all boundaries, the normal
component of the magnetic field and the tangential component of the electric field must be
continuous, as in Section 7.4. However, the tangential component of the magnetic field and normal
component of the electric field may contain discontinuities. Each surface must simultaneously be
treated as part of the bulk material because of the significant penetration depth into CoCrMo.
Similar calculations must also be conducted within the conducting fluid medium to properly
capture the surface electromagnetic field.
As such, the electric and magnetic fields at any point along the surface may be affected,
simultaneously, by the total electromagnetic field evolving around and within the implant.
Additionally, due to the relative magnitude of penetration depth, surface roughness, and physical
external implant dimensions, it becomes clear that an induced electric field parallel to the surface
at the point of incidence may result in fluctuating surface normal electric field components at a
proximal location along the implant. To increase the complexity of calculation, it must also be
presumed that the equivalent incident electromagnetic field at each point may varying in
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magnitude, propagation direction, and phase as time progresses. Additionally, due to the dielectric
nature of all real conductors, the material will require a finite time to adjust to the new, varying
external field.
Once the electromagnetic field is properly described across the surface of such a nonideal
conductor, of finite dimensions, subjected to multidimensional electromagnetic radiation, the
classical electrochemical relations presented in Chapter 2, Section 2.3 may be leveraged to
understand the resulting electrochemical reactions. If the electric field, and charge densities, are
able to be solved across the surface, the overpotential, Eq 2.3.6, may be obtained for a localized
area. Given sufficiently fast chemical reactions compared to the changing overpotential, the
resulting electrochemical system may be further analyzed by the Nernst, Butler-Volmer, Tafel,
and Nernst Plank equations, Eq 2.3.2, 2.3.14, 2.3.15, and 2.3.17, respectively. Additionally, the
current response may be analyzed by the Cottrell equation, Eq 7.3.7, in response to steps in
overpotential.
The highly complex 3D electromagnetic field that may be realized by rejecting the
assumptions of an ideal and semi-infinite conductor illustrates significant ability for
electrochemical manipulation. The induced electric field may result in localized electric potential
differences normal to the fluid/solid interface, sufficient to drive less probable electrochemical
reactions. Additionally, the induced field may selectively elevate the potential of certain
boundaries and interfaces through constructive interference, depending on the frequency of
radiation and periodicity of the internal electric field. The varying normal electric potential may
also preferentially excite alternating nonreversible anodic and cathodic reactions at the same
location on the surface, as the electric field oscillations evolve over time, leading to complex
chemical species formation.
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7.8 Summary and Conclusions
Chapter 7 outlines multiple possible mechanisms of action for electrochemical
manipulation via low magnitude electric potential oscillations. The interaction mechanism
between incident electromagnetic radiation and electrochemical manipulation stem from the fact
that real materials are non-ideal conductors of finite dimension. Current literature does not
adequately acknowledge the ramifications of assuming that metals act as perfect conductors and
that electromagnetic effects only persist in a negligible skin depth. This chapter leverages
significant semiconductor theory to illustrate the complex effects of oscillating electric fields on a
finite conductor.
This chapter serves as the theoretical framework by which to analyze the interaction of low
magnitude electric potential oscillations and electrochemical surface reactions.
Here, the three most probable mechanisms of action are conceptualized. The theorized
mechanisms of action are as follows: (1) localized d-band center shifting at and near the surface
due to the modification of the potential energy function within the classical Hamiltonian, (2)
phonon-lattice coupling resulting in localized, dynamic coordination number redistribution, and
(3) 3D electric fields effects resulting in surface normal electric potentials, capable of driving
enhanced electrochemical reactions.
It is likely that all three proposed mechanisms may act simultaneously to modify the
predicted steady-state electrochemical surface reaction. Therefore, significant future study,
modeling, and experimentation is required to better develop the theory explaining this reaction
phenomenon. It is crucial to note that the mechanisms proposed here are likely to contribute to the
modification of the surface electrochemistry demonstrated throughout this work, but may not be
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complete. Therefore, Chapter 8, Section 8.2 provides a more detailed discussion on the future steps
required to verify the theoretical framework conceptualized here.

Chapter 8.

Conclusions and Future Work

8.1 Summary and Conclusions
The first component of this thesis was designed to investigate the current state of the art,
literature, and theoretical understanding of electrochemistry and surface bonding as it pertains to
complex systems subjected to temporally and spatially varying electric potential fields. Current
literature was used as a foundation on which to build a potential theoretical framework by which
to conceptualize the mechanism of action of low magnitude, oscillating electric potentials on
electrochemical reactions and interpret the results presented in this work. The following
conclusions may be drawn from this portion of the thesis:
1. The fundamental relations used to describe electrochemical systems (such as the Nernst,
Cottrell, and Tafel Equations) are primarily limited to steady state or quasi-steady state
electrochemical reactions. These relations focus on bulk properties of the reacting media
and system, more specifically on the ion flux and diffusion limitations of the
electrochemical reaction.
2. The prediction of reacting species and chemical composition of products within a complex
system does not accurately account for dynamic effects in the environment. Predictions
rely on minimization of Gibbs free energy and empirically derived relations within simple
systems to estimate probabilistic distributions of expected species.
3. Combustion emission reduction in the automotive industry utilize the unique catalytic and
storage properties of PGM metals and zeolites in the form of catalytic converters and
LNT’s, respectively. Current research efforts focus on inherent material properties and
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mixed materials to improve efficiency and range of application, following the classic
relations of steady state electrochemistry. The industry focuses, primarily, on chemical
reactions driven by concentration gradients or additional combustion reactions.
4. The current understanding in the corrosion of THA implants presents two common
corrosion mechanisms.
a. Fretting Corrosion. Corrosion driven by micro-motion and mechanical disruption
of the passivated layer at an interface.
b. Crevice Corrosion or Mechanically Assisted Crevice Corrosion: Corrosion driven
by the geometry of the junction and the formation of a concentration
electrochemical cell. The crevice provides a localized zone of anodic activity
balanced by cathodic reactions occurring outside of the crevice.
Both mechanisms investigate bulk properties of the material, concentration gradients, or
bulk properties of the solution. The study of such phenomenon is treated as a quasi-steady
state electrochemical reaction, progressing slowly over time. The rapid oxidation of
particulate wear matter is treated as spontaneous. As such, dynamic effects existing within
the time scale between the rapid oxidation and slow progression of corrosion are not
adequately addressed. Moreover, current theory and experiments cannot fully explain the
production and evolution of chemically complex corrosion products. The discrepancy
between wear particles recovered during in vivo studies and those generated in in vitro
experiments may be the result of tertiary reaction mechanisms not addressed in modern
literature.
5. Experimental investigation into the application of electrochemical relations, as in the case
of automotive emissions reduction and THA implant corrosion, fail to adequately represent
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the fundamental physics involved in surface bonding. All phenomena discussed throughout
this work are believed to result from d-orbital states within the transition metal surface, yet
the consideration of d-orbital states is often lacking in experimentation.
6. The Newns-Anderson model provides a basis by which to analyze the change in d-orbital
energy states of a material when in a chemisorption system, thereby establishing the
foundation for heterogeneous catalysis. It was demonstrated that the individual potential of
the electron cannot be calculated. Only the change in energy may be represented, and
higher order effects render the problem intractable. However, the Newns-Anderson model
can acceptably represent general trends in chemisorption energies and therefore trends in
surface catalytic reactions.
7. The d-band center shifts, predicted by the Newns-Anderson model, relative to the Fermi
Level and associated changes in surface coordination number significantly affect the
chemisorption energy. As the d-band center shifts upward in energy, the bond between the
substrate and adsorbate is strengthened. Additionally, the geometry of the surface and
points of contact near the adsorbate may significantly alter the chemisorption energy. A
flat surface will result in lower bond energy when compared to a highly 3D surface.
8. The presence of ambient electromagnetic fields may impress temporally and spatially
varying electric potential oscillations on the surface of metals within the field.
9. Considered as a photon, a quantum of electromagnetic energy may be adsorbed by a
metallic lattice and coupled into a phonon. Excitations of specific phonons at the surface
of a material may possibly generate local sites of increased potential for electrochemical
reaction initiation. Additionally, the absorption of electromagnetic energy may induce a
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lattice strain and/or result in a manipulation of surface coordination number, altering
surface catalytic properties.
10. The finite size of real systems allows for simultaneous electromagnetic radiation exposure
from multiple sources, generating a complex 3D dimensional electric field around the
system.

Additionally, the significant sub-macroscale topography of real surfaces,

combined with the complex electromagnetic fields, may generate localized electric
potentials normal to the solid/fluid interface, thereby exerting an electrochemical reaction
force.
11. Electric potential oscillations on the surface of real electrodes may introduce significant,
multi-dimensional effects, capable of creating a localized zone of increased potential and
manipulating the predicted electrochemical reaction pathways.
The second aspect of this thesis experimentally investigated SOFC material as an alternative
to traditional PGM elements for the reduction of automotive emissions. Specifically, a SOFC,
consisting of a NiO-GDC anode (48.9 vol% NiO 51.1 vol% Gd0.10Ce0.90O2-x), a GDC electrolyte
(Gd0.10Ce0.90O1.95) and LSCF-GDC cathode (52.4 vol% (La0.60Sr0.40)0.95Co0.20Fe0.80O3-X 47.6 vol%
Gd0.10Ce0.90O1.95), was investigated as an electrochemical catalytic membrane for the multi-staged
reduction of HC’s, CO, and NOx. The following conclusions may be drawn from this portion of
the thesis:
1. The method of exhaust recirculation and staged catalytic reactions with SOFC material
demonstrates significant automotive emission reduction potential. The concept of utilizing
SOFC’s in place of traditional PGM catalysts was successfully patented, US Patent #
11,101,482.
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2. The reduction in hydrocarbon content within simulated combustion exhaust was observed
to be similar for the SOFC and commercial PGM catalyst.
3. The reaction kinetics and conversion of CO was illustrated to be slower and less effective
for the SOFC when compared to the PGM catalyst. Therefore, increased production of CO2
was found on the PGM catalyst.
4. The SOFC demonstrated significantly superior NOx reduction performance across all
temperatures and exhaust compositions tested.
5. Specifically designed tests were conducted to determine the mechanism by which the
multi-layered composition of SOFC material could outperform the PGM catalyst without
the presence of additional reacts.
6. The SOFC, referred to as an electrochemical catalytic membrane when power generation
is not of concern, achieved nearly 2X the reduction in NO concentration when compared
to a traditional PGM catalyst.
7. It was discovered that while reacting NO, the electrochemical catalytic membrane
developed a natural electric potential oscillation, with a magnitude of ~50 mVpp and
dominant frequencies ranging from 300Hz to >100 MHz. Simultaneously, N2O was
identified in the test effluent, with no additional reactants supplied, contradicting current
literature which predicted formation of NO2.
8. It was observed that if electrical activity was dampened on the electrochemical catalytic
membrane, if a cathodic half-cell was tested, or if a single layer LSCF-GDC membrane
was tested, the efficiency of NO conversion greatly decreased. Moreover, the concentration
of N2O within the test effluent was directly proportional to electrical activity across the
membrane.
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9. The nitrogen transfer coefficient was determined to be directly proportional to electrical
activity across the membrane. Moreover, the presence of increasing electrical activity was
inversely proportional to NO2.
10. It was concluded that the presence of high frequency, low magnitude electric potential
oscillations during electrochemical reactions resulted in a manipulation of the predicted
chemical pathway during the conversion of NO into diatomic nitrogen and oxygen. The
electrical activity altered the initial surface electrochemical reaction toward the less
probable formation of N2O, instead of NO2, ultimately resulting in greater NO reduction
efficacy.
The third component of this thesis examined the possibility of the discovered electrochemical
reaction phenomenon, arising from high frequency low magnitude electric potential oscillations,
to have broad applicability to a diverse set of electrochemical systems. As such, the phenomenon
was investigated as a contributing mechanism to the corrosion of THA implants. Specifically,
CoCrMo ASTM F1537 was studied for the generation of corrosion products when subjected to
direct, high frequency, low magnitude electrical oscillation. The following significant conclusions
from this portion of the thesis are described below:
1. The implanted environment and THA prosthetics were demonstrated to be a probable
system in which electrochemical reaction manipulation may arise from impressed
oscillatory electric potentials. The human body provides a highly conductive and
chemically complex fluid medium in which electrochemical equilibrium manipulation is
possible. The implanted biometallic prosthesis provides a potential charging surface when
subjected to ambient electromagnetic radiation and natural human processes. Moreover, a
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THA implant provides multiple metal-on-metal interfaces to accelerate electrochemical
corrosion via multiple mechanisms.
2. It was shown that direct electrical stimulation at ~200 mVpp and >1 MHz on ASTM
F1537 CoCrMo could initiate the growth of corrosion products. Corrosion occurred
without subjecting any sample to mechanical wear or physical disruption of the passivated
oxide layer. Shielding from electrical activity was further shown to prevent the generation
of any corrosion products above the prepared surface, resulting in a natural thickening of
the protective oxide layer.
3. The chemical composition of corrosion products grown via electrical stimulation match
that of recovered in vivo corrosion products. The corrosion products contain primarily
Cr2O3, with varying concentrations of Ca, P, and Co. Additional corrosion products
indicated formation of CrO3, phosphates, molybdates, CrOH, and CoOH.
4. The composition of the proteinaceous layer, prior to removal, demonstrated significant
dependance on source signal type. When excited with a single frequency sine wave, the
proteinaceous deposition layer contained primarily Cr, O, C, Ca, and P. When excited with
a square wave at the same magnitude, the chemical complexity of the deposition layer
increased to include Mo, N, Na, and Cl.
5. The chemical composition of corrosion products, remaining attached after cleaning, is
illustrated to depend on the type of electrical excitation. Excitation with a 50 MHz sine
wave at 200 mVpp resulted in Cr2O3 with varying Ca and P as the primary corrosion
product. Excitation with a 25 MHz square wave at 200 mVpp resulted in the formation of
Cr2O3, CrO3, phosphates, molybdates, and Co compounds.
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6. Increased corrosion damaged was observed when increased concentrations of Ca and P
were found in the proteinaceous deposition layer.
7. Electrical activity was demonstrated to enhance electrochemical interactions between the
metallic surface and the deposited proteinaceous layer. As such, future corrosion studies
should aim to include and analyze material response to all corrosion factors when a protein
layer is able to form on the metallic substrate.
8. When the biologic deposition layer was removed, the type of corrosion damage was also
revealed to depend on signal type. Prior to the removal of the proteinaceous layer, both
samples illustrated surface deposition with pronounced outcropping growths. However,
once cleaned, samples excited at single frequencies maintained the surface growths,
whereas samples excited multiple frequencies illustrated significant pitting in addition to
surface growths.
9. Electric potential oscillations at 200 mVpp and >1 MHz on ASTM F1537 CoCrMo is
determined to be sufficient to initiate corrosion and crystallographic change. Samples
subjected to electrical oscillation display modified crystallographic structure, demonstrated
through XRD and Raman Spectroscopy. Samples shieled from electrical oscillation show
no crystallographic change from control samples.
10. Equivalent electrochemical models were developed to quantify changes in electrochemical
behavior for the test samples. Samples subjected to electrical excitation exhibited
significantly greater potential for capacitive charging, likely causing accelerated corrosion.
Moreover, samples subjected to complex electrical signals indicated increased diffusion
characteristics in the oxide model when compared to control samples and samples
protected from electrical activity, after cleaning.
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The fourth constituent of this thesis, after confirming that corrosion could be initiated on
CoCrMo ASTM F1537 via direct electrical excitation, studied the possibility of ambient
electromagnetic radiation to induce sufficient electric potential oscillations to generate a similar
corrosion response to that documented in the previous section. The ASTM F1537 corrosion
response was studied when subjected to the standard electromagnetic conditions present within the
Combustion and Energy Research Laboratory (COMER) at Syracuse University, at the student
work area, shielded from light exposure. The major conclusions from this portion of work are as
follows:
1. The ambient high frequency electromagnetic field within the Combustion and Energy
Research Laboratory at Syracuse University was measured to be ~1.7 V/m. When ASTM
F1537 CoCrMo test samples were submerged within simulated synovial fluid and
subjected to the ambient electromagnetic field, electric potential oscillations of ~50 mVpp~150 mVpp were recorded.
2. The configuration of test samples and the presence of metal-to-metal junctions significantly
altered total magnitude and the frequency spectrum of electric oscillations. Increasing
geometric complexity within temporally and spatially varying electromagnetic fields,
increases the magnitude and signal complexity of electric potential oscillations.
3. Similar to the prior section and experiments conducted with direct electrical stimulation,
shielding samples from electromagnetic radiation prevented the growth of complex
corrosion products. Samples without electrical activity demonstrated uniform passivation
layer growth when submerged in simulated synovial fluid.
4. Ambient electromagnetic radiation, and resulting electric potential oscillations, generated
mixed corrosion products on the surface of ASTM F1537 CoCrMo. Corrosion products
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were observed as individual particles in a range of 0.5-2 μm and in clusters up to 7 μm in
diameter.
5. Isolated samples of ASTM F1537 CoCrMo illustrated Cr2O3 particulate growth with
varying concentrations of Ca and P. Samples with a metal-to-metal junction illustrated
increased corrosion activity, and the formation of Cr2O3 and potentially CrO3 with
significant concentrations of Ca, P, N, and Na. These findings are consistent with recovered
in vivo corrosion products.
6. Equivalent electrochemical impedance spectroscopy circuit modeling revealed increased
charging potential for isolated samples and a modified oxide layer toward diffusive
behavior for samples tested with a metal-to-metal junction.
7. The formation of corrosion products occurred above the machined surface, and therefore
above the passivated oxide layer, of the corrosion test samples.
8. Corrosion particulate growth atop the passivated oxide layer and the machined sample
surface may increase secondary wear particle creation when subjected to fretting corrosion.
The particulate growth matter will be more easily removed from the surface when subjected
to micromotion in comparison to traditional fretting debris.
9. The presence of ambient electromagnetic radiation, exciting the type of electrochemical
corrosion identified throughout this work, will occur synergistically with traditional
crevice and fretting corrosion mechanisms to accelerate biometallic corrosion within the
implanted environment.
The work presented throughout this thesis provides foundational experimental data, identifying
a novel electrochemical reaction manipulation phenomenon arising from temporally and spatially
varying electromagnetic fields. The presence of this phenomenon has been demonstrated to persist
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across two disparate electrochemical systems, and multiple theoretical frameworks have been
offered to conceptualize future research.

8.2 Recommendations for Future Study
Due to the unique nature of the work presented throughout this thesis and the broad
applicability of the newly identified electrochemical reaction manipulation mechanism, there is
significant opportunity for future research. The recommendations for future study will be initially
addressed as broad categories. Following these general recommendations, a detailed discussion
and sample proposal on the future study of THA implants is provided. THA implants and
implanted biometallic corrosion is selected as the primary area of future focus because of the
significant immediate impact such study may have on the health of millions of individuals
currently living with or requiring a prosthetic joint replacement.
Based on the results of this work, the following are suggested topics and areas of focus for
future study and investigation:
1. The discovery of the investigated electrochemical phenomenon, arising from oscillating
surface electric potentials, occurred while investigating perovskite based SOFC materials
for automotive emission reduction. However, the current study is limited to an
investigation of NO reduction on a GDC-LSCF SOFC. Moreover, there has been limited
work performed to investigate the catalytic response of materials when subjected to low
magnitude direct electric potentials.[7] Therefore, using similar methods as discussed
throughout this work, a broad classification study of common catalytic materials and their
response to varying electric potential signals may be conducted. Additionally, the
effectiveness of specific catalytic reactions on various materials when subjected to varying
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electric potential signals may be investigated. As such, a multi-faceted study may be
developed to investigate the following:
a. A single material and catalytic reaction response to varying electric potential
signals.
b. The effects on a single catalytic reaction when varying materials are subjected to
electric potential signals. The electric potential signal may additionally be varied.
c. The catalytic effectiveness of mixed model combustion exhaust on single or
multiple materials with single or multiple electric potential signals investigated.
The results from such a study could be utilized to tune material properties, catalyst layers,
and electric potential signals to develop highly effective, selective catalysts for optimal
combustion emission mitigation in all environments.
2. The discussion presented in Chapter 7 highlights multiple theoretical mechanisms of action
by which ambient electromagnetic radiation may impress spatially and temporally varying
electric potentials on the surface of a metal within a chemically reactive fluid, and how
these varying electric potentials interact to exert an electrochemical force. Each theory
reviewed in Chapter 7 is based upon currently accepted knowledge in surface chemistry
and has the potential to explain the experimental effects documented within this work.
However, these discussions represent hypothetical conceptual frameworks which will
require rigorous future investigation to further verify. Future research should focus on
validating these theoretical approaches by developing DFT, QFT, molecular dynamic, and
additional computational models whereby each proposed mechanism may be individually
analyzed.
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3. The results presented throughout this work demonstrate that there persists a lack of
understanding in predicting the response of an implanted biocompatible metal alloy within
a complex environment, when subjected to ambient electromagnetic radiation. Even
without complete understanding, utilization of metal-based implants currently remains a
necessity to restore patient health. As outlined in Chapter 2, the commonality of metallic
implants, such as prosthetic joints, biosensors, bone fixtures, stents, etc., is steadily
increasing along with the proliferation of connected devices and manmade sources of
electromagnetic radiation. A systematic classification of material response within the
implanted environment should be conducted to further develop fundamental material
response, theoretical, and experimental knowledge which can direct future implant design
and testing protocols.
Due to the direct implications on human health of the third and final suggested area for future
investigation, the study and classification of implanted metal response, is suggested to be of utmost
importance. Biometallic corrosion is a pressing health concern for the millions of individuals
currently living with, or soon to be living with a metal-based implant. Therefore, the following
section is provided as a recommended model proposal for the investigation of biocompatible metal
alloys. The subsequent proposal is written following the format of the National Science Foundation
but may be adapted to any additional private or governmental funding agency.
8.2.1 Sample Proposal Investigating Implanted Biometallic Corrosion
8.2.1.1 Preface Prior to Reading the Sample Proposal
The following sample proposal is presented in reduced form when compared to a complete
National Science Foundation proposal to conserve general applicability to any researcher and
prevent redundancy with other portions of this dissertation. As such the following provides an
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example of the Objectives, Significance, Specific Aims, Proposed Works, Anticipated Findings,
Potential Pitfalls, Alternative Strategies, and a Proposed Timeline. The Background, Motivation,
and Preliminary Results sections have been removed to avoid repetition of prior sections of this
thesis. Additionally, the sections of Intellectual Merit, Broader Impacts, Outreach, Dissemination,
and Research Team are not provided here. These sections must be addressed by the specific
research team and outreach plan.
8.2.1.2 Objectives and Significance
The central objective of this proposal is to develop a fundamental understanding of the
electrochemical corrosion of metal alloy implants within the human body driven by natural and
ambient electrical activity in addition to electromagnetic radiation. The completion of this
proposed work will provide insight into the functional relationship between the driving electrical
frequency and magnitude, and the electrochemical corrosion response. The proposed discoveries
would directly affect the following: 1. The future research and development of orthopedic
implants; 2. The development of treatment plans and guidance for physician care; 3. The
identification of at-risk patients.
These research objectives are in direct alignment with the 2018 Medical Device Safety Action
Plan enacted by the Food and Drug Administration.[102] The third bullet point of the action plan
states, “Spur innovation toward safer medical devices.” Holistic investigation of electrochemical
corrosion phenomenon driven by electrical activity on the implanted device illustrates an
innovative approach to a known problem where traditional corrosion investigations have failed to
replicate the breakdown of medical implants. This research has the potential to direct the care of
the millions of patients currently living with a degrading metal-based implant and to prevent metal
ion leaching for future implants.
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8.2.1.3. Specific Aims and Proposed Works
The role of non-ionizing electromagnetic radiation, produced by common electrical devices, has
been previously identified as a weak carcinogenic risk factor for particular types of leukemia by
the International Agency for Research on Cancer (IARC).[109] Despite this knowledge, no studies
have been performed to investigate the effect of non-ionizing electromagnetic radiation and
electromagnetic fields in conjunction with metal-based implants on possible adverse chemical
reactions within the human body. The human body is a complex dynamic chemical, electrolytic,
electrochemical, and electrically conductive system.[161] Therefore, the introduction of a metalbased prosthesis into such a system, subjected to constant bombardment of ambient
electromagnetic radiation, may allow for the electrical charge manipulation at the implant’s
surface. Ambient electromagnetic fields impressed onto the metal-oxide-solution interface may
result in spatially and temporally varying electric potentials on the surface of the metal.
Furthermore, electrochemical reactions are inherently driven by relative potential differences. As
such, these induced surface potential shifts, though short in duration, may be sufficient to enhance
corrosion reactions. Currently, a possible electrochemical manipulation arising from ambient
electromagnetic fields is not discussed in the analysis and understanding of metallic implant
corrosion.[36-42, 51-53, 98-103, 124-129] Moreover, this author has not been able to identify any
specific considerations taken with regards to high frequency, ambient electric fields during in vitro
testing of biomedical alloys, even though multiple electromagnetic fields will be present within all
modern laboratory environments.
The overarching goal of this proposal is to generate evidence-based knowledge that will
inform the medical implant and implantable device industry on the prevention of an as yet
unexplored cause of metallic biomaterial interface corrosion, thereby improving implant quality
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and reducing implant revision rates. The objective of this proposal is to determine the association
between electromagnetic radiation, induced electric field, and the risk of metal-to-metal interface
corrosion/failure, and also to inform research that will guide the future development of metalbased implants by improving preclinical testing of these implants. The central hypothesis is that
electromagnetic radiation induces an oscillatory electric field surrounding THA implants, asserting
electrochemical effects at the surface and interfaces of the implant, increasing corrosion rates and
subsequent leaching of metal. The specific aims of our proposal are as follows:
Specific Aim 1: To test the corrosion response of common orthopedic implant metal alloys to
electromagnetic oscillations. We will use an experimentally driven, multi-pronged approach to
address this aim, investigating the corrosion response of multiple common alloys, electrical
oscillation method, magnitude, and frequency. The corrosion study will include an analysis of
CoCrMo and TiAlV-TiAlV interfaces individually and in combination. The CoCrMo alloy used
in this study will contain ~65% Co, ~30% Cr, ~5% Mo. The TiAlV alloy will contain ~90% Ti,
~6% Al, and ~4%V. These specific alloys are chosen because they represent most common
biometallic alloys used in THA’s.[36-39, 47-53, 98-103] At the modular taper, CoCrMo may be
in contact with CoCrMo or TiAlV, and similarly TiAlV may be contact with TiAlV or CoCrMo,
depending on manufacturer and the design. Therefore, it is crucial to analyze the corrosion of these
metals individually and in all pairing configurations., when subjected to electrical oscillation. The
interaction effects of magnitude and frequency of electrical oscillation from both 1. direct electrical
connection to high frequency AC voltage and 2. induced electric field through the ion media, and
the resulting corrosion will be classified for each metal condition. Representative samples with
simplified geometry, such as a simple disk-like geometry, will be manufactured from certified
biomedical alloys for testing.
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Specific Aim 2: To quantify the effect of electrically induced versus mechanically driven
corrosion in an in vitro study comparison to retrieved corrosion products. Our research team will
modify current implant testing devices to create an in vitro corrosion bioreactor, capable of
controlled electric potential and electromagnetic oscillation across the implant metal while
independently controlling mechanical fretting type corrosion. A fretting apparatus, such as those
developed by Dr. Jeremy Gilbert[236-340], may be enhanced to allow for the introduction of direct
and induced electrical oscillation. The testing apparatus will be further shielded from external
sources of electromagnetic radiation, ensuring the samples on test experience only the intended
condition. The enhanced testing apparatus will be capable of generating electrically induced and
mechanical corrosion mechanisms independently or simultaneously within a simulated synovial
fluid environment. The development of such a device will provide insight into the coupled
corrosion effects of current fretting and mechanically assisted crevice corrosion, and the currently
unexplored effects of ambient electromagnetic radiation. Our research team will perform an indepth comparison of in vitro corrosion products to retrieved THA hip implants with in vivo
corrosion. The comparative study will quantitatively identify the contribution of each type of
corrosion mechanism to the complex tribocorrosive nature of implant degradation.
Specific Aim 3: To develop a fundamental theoretical understanding of the effects of electric
potential frequency oscillation and ambient electromagnetic radiation on dynamic electrochemical
reactions. Our research team will utilize the large data set gathered from specific aims 1 and 2 to
develop and validate a theoretical model. This model will be used to predict the excited
electrochemical reactions at a surface/fluid interface given bulk material properties of the
interacting species and electrical oscillations. Current bonding and surface chemistry models can
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then be conceptually expanded to include the effects of dynamic potential oscillations to predict
surface chemical reactivity.
8.2.1.3.1 Addressing Specific Aim 1: To test the corrosion response of common orthopedic
implant metal alloys to electromagnetic oscillations
In order to achieve this specific aim, the research approach will be broken down into three
segments: frequency response, magnitude response, and material response. Each of these three
segments will be repeated for direct electrical connection and induced electric field through the
ionic test solution. Each test specimen will be submerged in simulated synovial fluid. In order to
reduce uncertainty in the interpretation of fundamental processes, simplified surrogate synovial
fluid will be utilized.[98, 47-53, 99, 103, 161-163, 236-240] The proposed surrogate synovial fluid
utilizes a phosphate buffer solution (PBS) base, combined with Dulbecco’s Modified Eagles
Medium (DMEM), fetal bovine serum (FBS), penicillin/streptomycin (PSG), Hyaluronic Acid
(HA), lecithin, bovine albumin, bovine gamma globulin, metal salts, and hydrogen peroxide as
outline by Wiegand, et.al.[240] Initial testing will begin with simple PBS and increase in
complexity as needed to generate corrosion products. Guidelines for surrogate synovial fluid
complexity is outlined in Weigand. et. al. If induced electric oscillations are capable of initiating
corrosion in PBS, it is believed that the corrosion mechanism will persist in more complex fluids.
However, identifying the simplest fluid in which this corrosion mechanism can initiate will identify
the fundamental mechanisms of action. Surrogate synovial fluid composition is addressed further
in potential pitfalls and alternative strategies. Due to the complex nature of the proposed corrosion
mechanism direct electrical connection to and induced electric fields around the metal samples
will be investigated. Direct electrical connection is first proposed for ease of investigation. Direct
electrical connection will validate the potential for low magnitude, high frequency electrical
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oscillations to initiate corrosion. The corrosion products created with direct oscillation can then be
compared against and validated with induced electric field testing. The proposed phenomena has
Figure 8.2.1: Schematic of proposed in vitro testing setup for biomedical metal alloys in
coupon form. A. Schematic for direct electrical connection. B. Schematic for induced
electric field testing.
A

B

not been investigated in literature, and as such experimentation must begin as simply as possible.
Therefore, testing will begin by directly connecting samples to a 3-electrode electrochemical
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impedance spectroscopy capable potentiostat, modified to supply varying electric potential
oscillations between the sample (working electrode WE) and the reference electrode (RE).
Electrochemical behavior will be monitored during electrical oscillation. The corrosion cases will
then be repeated with the same electrical oscillations induced via near field antenna and frequency
generator. The same 3-electrode configuration and EIS potentiostat will be utilized during testing
to monitor electrochemical behavior. A schematic of the proposed experimental setups is illustrated
in Fig 8.2.1. For all electrochemical measurements a standard Ag/AgCl RE and Pt counter
electrode (CE) will be used.
The electric potential magnitude of the proposed work, as outlined in the sections below, was
selected in accordance to previously published literature for recorded interference in nerve
conduction studies, skin electrode data, and experimental work on biological effects of external
electric fields.[107-108, 130-131, 135-138, 144] Initial experimentation further validates the
selection of electrical potential magnitude of this corrosion study. A complete hip prostheses,
manufactured by StrykerTM Inc, submerged in simulated synovial fluid illustrated electrical
oscillations ranging from 80mVpp to 216mVpp across the modular neck junction, subjected to
ambient background electromagnetic radiation within a modern laboratory. The electric potential
oscillation was recorded by an oscilloscope connected across the modular taper, ie with the probe
connected to the femoral neck and reference connected to the femoral head. The magnitude of
electrical oscillation was dependent upon the proximity to known electromagnetic field (EMF)
emitters, such as a WiFi access point.
8.2.1.3.1.1 Frequency Response
Each day, the human body is subjected to significant electromagnetic radiation from manmade
sources, ranging from residential electrical power at 60 Hz to cell phone technologies at 1-30
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GHz.[110, 135-138, 144] Therefore, in order to determine the frequency response of corrosion, the
entire spectrum of frequencies must be tested. To establish a fundamental understanding across the
frequency range, the following electrical oscillation frequencies will be tested at 200 mV. Each
test condition will be repeated (n=3) for accuracy of results and statistical relevance.
Each sample will be tested within a faraday cage to reduce ambient electrical noise intrusion.
Baseline samples will be subjected to the same testing medium but shielded from electrical activity,
for comparison. The following test conditions are proposed to identify the corrosion response to
low and high frequency oscillation.
Case Number
Test Frequencies (Hz)
Number of Samples Tested
Magnitude

1
2
60
102
3
200mV

3
103

4
104

5
105

6
106

7
107

8
108

Baseline
Shielded
N/A

8.2.1.3.1.2 Magnitude Response
The electrochemical corrosion mechanism may have a strong dependence on the magnitude of
electrical potential developed on the metal-based implant. The effect of magnitude could be an
independent factor or could couple with a frequency response. Therefore, the following test
conditions will be applied to the samples.
Test Frequency (Hz)
Number of Samples Tested at Each Magnitude

60
3
50
100
200

Magnitudes Tested (mVpp)

103
3
50
100
200

106
3
50
100
200

108
3
50
100
200

8.2.1.3.1.3 Material and Connection Type Response
Each test condition provided in 3.1.1 and 3.1.2 will be conducted for each of the following
metal alloys: CoCrMo (ASTM F1537), Ti6Al4V (ASTM F136), and mixed CoCrMo-Ti6Al4V
interfaces. Additionally, each test condition in 3.1.1 and 3.1.2 will be conducted via direct
connection and induced electric field as described above.
8.2.1.3.1.4 Post Analysis
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After the conclusion of each test condition, the samples will be removed from solution and the
remaining simulated synovial fluid filtered (at 0.2 μm) for particulate precipitation. The particulate
matter will then be investigated via SEM and EDS. Additionally, the particulate matter may be
analyzed via nitric acid digestion, followed by LAICPMS as needed. The fluid will then be
analyzed separately for PH and for elemental content via ICP MS, ICP optical emission
spectroscopy (OES), or liquid chromatography.
Each metal sample will be gently rinsed with DI water to remove any remaining synovial fluid
and then investigated via optical microscope and SEM for pitting, and surface depositions.
Thereafter, each metal sample will be analyzed via XRD and Raman Spectroscopy to identify any
changes in crystalline phase. The elemental composition of the surface will be measured with Xray photoelectron spectroscopy (XPS). Additional elemental characterization can be evaluated by
EDS and LA ICP MS. Samples will then be sonicated in ethanol or acetone to remove the organic
film and re-examined by the above methods. The proposed multi-faceted post testing analysis
allows for a complete understanding of each aspect of the fundamental electrochemical corrosion
phenomenon. The results of the chemical analysis of the metal sample, particulate matter in
solution, and the solution will be compared against published data for the chemical composition
of the wear particles and implant surface of failed devices to determine if the lab testing is
predicating the same chemical corrosion pathway that the real implant is experiencing.
8.2.1.3.2 Addressing Specific Aim 2: To quantify the effect of electrochemically versus
mechanically driven corrosion in an in vivo study compared to retrieved failed hip implants
Our research team will develop an advanced in vitro corrosion bioreactor which is capable of
controlled electromagnetic radiation and thus induced electric potential oscillation across the
implant metal, while independently controlling mechanical fretting type corrosion. The testing
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apparatus will be capable of inducing electrochemical and mechanical corrosion mechanisms
independently or simultaneously within a simulated synovial fluid environment, following the
current protocols present in the literature.
The corrosion results obtained through simultaneous fretting-type corrosion and induced
electric potential oscillations will undergo an in-depth comparison to recovered corroded modular
junctions obtained through an Orthopaedic surgery and implant retrieval center. The development
of the corrosion bioreactor may establish new testing procedures and protocols to guide the future
development of biomedical implants. The comparative study will provide quantitative results
identifying the contribution of each mechanism to the tribocorrosive nature of implant degradation.
8.2.1.3.2.1 Corrosion Bioreactor Development
The uniaxial load, testing apparatus developed by Dr. Jeremy Gilbert and widely adopted
across the industry to investigate fretting corrosion of modular junctions can be modified to
Figure 8.2.2: Schematic of proposed in vitro testing setup for THA implants.

incorporate the necessary equipment to induce controlled electric potential oscillations. Uniaxial
loading of the modular junction to investigate fretting driven corrosion, associated testing
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procedures, and its utilization in industry has been well documented. [36-38, 47, 51-53, 99, 103]
The fretting testing protocol standard will be incorporated into the new bioreactor following the
documentation and testing cell schematic provided by Gilbert et. al. [238] The new in vitro test
cell will employ accurate modular junctions mounted to a simplified support structure as illustrated
in Fig 8.2.2. Utilization of actual modular junctions increases the likelihood of accurately capturing
the expected 3D effects of induced electric potential oscillations while simultaneously allowing
for direct comparison to recovered implants.
As shown in Fig 8.2.2, the corrosion test specimen is fixed at the bottom of the test chamber
into the mounting base. The mounting base orients the test specimen for loading at 35º from
vertical to accurately replicate human physiology. The mounting base is placed upon a support
plate which may be hydraulically actuated, providing a uniaxial upward force. The femoral head
is held against a load cell to record applied force. Micro-motion at the modular junction is recorded
by a set of differential variable reluctance transducers (DVRTs) to quantify the degree of fretting
driven corrosion. The modular junction will be contained within a controlled environmental
camber which will contain simulated synovial fluid. The environmental chamber will be placed
around the test specimen so that the modular junction remains submerged throughout testing.
Additionally, the environmental chamber will be capable of maintain the test specimen and
simulated synovial fluid at human body temperature, if needed. Electrochemical behavior will be
monitored by an EIS capable potentiostat in a traditional 3-probe setup. The corrosion specimen
will act as the working electrode. Standard reference and counter electrodes will then be inserted
into the simulated synovial fluid proximally to the test specimen. Additional details on the uniaxial
fretting testing apparatus may be found within the cited material of this proposal.[236-240] This
testing apparatus, currently constructed within the co-PI’s laboratory, will be modified to
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incorporate the ability of inducing electric potential oscillations on the implant, thereby driving
this proposed corrosion mechanism concurrently with fretting corrosion.
A faraday cage will be constructed around the testing apparatus to prevent ambient
electromagnetic radiation from interacting with the test specimen. An array of near field antennas
will be placed circumferentially around the environmental chamber. The near field antennas will
be connected to a multi-channel signal frequency generator to emit a specified electric field. A
minimum of 5 near field antennas will be used, so electric fields may be sourced above and on
each side of the environmental chamber. Each antenna within the array may be activated
individually or simultaneously. A multi-channel frequency generator capable of individually
activating each antenna within the array allows for precise control of both temporally and spatially
varying electric fields imposed upon the sample. An oscilloscope may additionally be incorporated
into the testing apparatus to recorded electric potential fluctuations induced across the modular
junction. Connection to an oscilloscope will be carefully controlled and synchronized with
potentiostat operation to prevent corruption of EIS data.
The test specimen and associated modular junction may be manufactured from any
commercially available biomedical metal alloy. Therefore, the proposed testing apparatus may be
used to investigate the proposed corrosion mechanism for any combination of metal alloys used
within the industry.
This proposed testing setup will allow for the independent and combined investigation of both
the proposed electrically driven corrosion and current the methods of fretting and crevice
corrosion. Therefore, each corrosion mechanism can be individually investigated or selectively
combined to investigate the contribution of each mechanism to the complete corrosion of the
implant. The proposed testing apparatus builds upon the current standard for fretting corrosion,
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and therefore, could be readily adopted across the industry if this proposed work is successfully
completed. This will be the first corrosion test bed capable of subjecting implants to a controlled
electromagnetic environment and to controlled mechanical wear. Testing procedures will be
developed and published to provide standards for the addition of induced electric fields during
combined corrosion testing.
8.2.1.3.2.2 Comparison to In-Vivo Failed Implants
Implants from THA failures due to corrosion will be retrieved from the Department of
Orthopaedics at UR, which serves as a tertiary referral center for THA failures in Western New
York with approximately 300 revision surgeries per year. An estimated 10 cases per year of implant
corrosion are expected to be retrieved for analysis. The research team will perform a
comprehensive comparison of in vitro corrosion samples from the proposed bioreactor to the
modular junctions of recovered in vivo devices. The analysis of recovered implants should follow
the guidance of Dr. Jeremy Gilbert, along with the methods and procedures he has pioneered over
the past 30 years.[51-52, 236-240] The recovered implanted devices will undergo an extensive
study to document the exact corrosion that has occurred via a combination of SEM, EDS, XPS,
XRD, and Raman spectroscopy. Additionally, LA ICP MS may be utilized to obtain a highly
accurate elemental composition.
This proposed retrieval analysis and comparison testing differs from most of the previous
retrieval analyses in one distinct way. This proposed retrieval analysis will be conducted as a “cellpreserving” retrieval analysis. In past retrieval analyses, the implant is typically cleaned and
sterilized prior to any corrosion analysis. However, here care will be taken during the retrieval of
a failed implant to preserve any remnant tissue and cells present on the implant surface, so that the
biological material may be classified concurrently with the corrosion products. Current research
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and thinking suggests that different patterns of corrosion observed in modular junctions are
correlated to the presence of varying cell types present within the joint. Lymphocytes appear to be
more prevalent when etching or intergranular corrosion is dominant, compared to an increased
concentration of macrophages when tribologically-driven corrosion is dominant.
Conducting a retrieval analysis while preserving the remaining tissue on the implants surface
not only provides a direct comparison for the proposed in vitro testing apparatus and corrosion
products but will simultaneously allow for the categorization and characterization of in vivo
corrosion pattern and correlated biological processes.
8.2.1.3.2.3 Electrical Activity Investigation
Preliminary estimates of the induced electric potential on a hip prosthesis, arising from ambient
electromagnetic radiation, were obtained by measuring the electrical activity present on a complete
hip prosthesis submerged in a beaker of simulated synovial fluid within the laboratory. A multichannel oscilloscope was used to probe the resulting electric potentials on the implant and across
the modular junction. An accurate, computer simulation model of the hip with appropriate implant,
tissue, and fluid compositions will be developed for modeling the charge potential that may
develop on an implanted prosthetic system. The model will be constructed with proper material
properties, matching average human anatomy, for use within the Ansys simulation suite for
materials, electromagnetic radiation, and electrical properties.
The computer model may then be subjected to temporally and spatially varying
electromagnetic fields, representing varying proximity to common sources of electromagnetic
radiation found within modern society, such as connected devices, WiFi, and other electronic
devices. Development of a computer simulated model allows for rapid investigation of induced
electrical activity from a multitude of sources, while simultaneously allowing for data collection
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across the entire mesh of the model, instead of with limited experimental probes.
The collected data will indicate which sources, frequencies, signal types, and material
parameters generate the greatest electrical activity at the implants surface. All of which can then
be paired with the proposed in vitro corrosion results from the preceding sections to develop
predictive tools for which individuals and within what environments will be most susceptible to
this corrosion mechanism.
8.2.1.3.3 Addressing Specific Aim 3: To develop a fundamental theoretical understanding of
the effects of electric potential frequency oscillation on dynamic electrochemical reactions
In order to achieve this specific aim, the research will be decomposed into two major efforts:
theoretical derivation from base principles, and regression analysis utilizing the data set developed
in specific aims 1 and 2.
8.2.1.3.3.1 Theoretical Derivation
In order to conserve generality in the development of a functional relationship between the
initiated electrochemical reaction modes at the surface/fluid interface and the frequency/magnitude
of the electric potential oscillation, work must begin at the energy function of an electron involved
in bonding. Traditional derivation of the modern chemical bonding theory relies on the molecular
Hamiltonian, or the Hamiltonian operator representing the energy of the electrons and nuclei of a
molecule.46 However, the potential for a time varying electromagnetic vector field is often reduced
to a magnitude in a single arbitrary direction. It has previously been assumed that any changes
within the near field do not occur rapidly enough to significantly alter bonding behavior.[241-243]
However, as the preliminary results (Chapters 5-7 of this work) indicate, high frequency
electronics may begin to approach frequencies that are no longer negligible within the
electrochemical community.
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Therefore, the complexity of a dynamic, non-conservative, electromagnetic field with the
potential to do work on the molecules within the reaction zone is not adequately captured by
modern theory. The theoretical derivation will begin by including the effects of an external, time
dependent, dynamic, oscillatory electromagnetic field on the total energy of the electron’s system
at the surface of the bulk material. This analysis will provide a theoretical framework by which to
analysis this corrosion phenomenon.
The results from this work will fundamentally change the foundation of modern
electrochemical principles by identifying and describing a natural phenomenon regarding the
manipulation of preferential chemical reactions. Specifically, the proposed work will identify the
potential for nonionizing, low magnitude electrical oscillations to preferentially excite harmonics
of phonon vibrations and associated wave functions within the solid to manipulate the selected
surface reaction that occurs. It is believed that the presence of EMFs incident on an electrically
conductive material can manipulate the landscape of potential energy wells at the interface
between the fluid film and conductive surface. The absorbed energy, insufficient to ionize the
material, may couple with natural lattice vibrations/phonons, localized electron charging, defect
locations, grain boundaries, or the natural periodicity of the crystal lattice to locally increase the
relative potential energy. A concentration of localized energy creates a nucleation site for increased
electrochemical activity; capable of degrading the passivation layer and broadening the probability
of expected surface reactions. This work will generate foundational evidence to advance future
electrochemical bonding theory which has the potential to influence any system in which an
electrically conductive/semi-conductive solid is in contact with a chemically reactive fluid.
8.2.1.3.3.2 Regression Analysis
Simultaneously, the data set developed through the previous specific aims will allow for the
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classification of the recorded electrochemical reactions with respect to the frequency, magnitude,
and exposure length of the electromagnetic field within the reaction zone. A 2-way ANOVA
analysis and Tukey’s HSD test will then be performed on the collected experimental data to
identify the significance of electromagnetic radiation source, magnitude of oscillation, and
frequency of oscillation to the generation, and classification of corrosion products. The corrosion
products will be classified by: size, shape, topography, corrosion pattern, crystallinity, elemental
composition, and fluid metal ion concentration.
The proposed post hoc analysis will identify the statistically relevant parameters of the effects
of electromagnetic radiation in the generation of corrosion products on implanted biomedical metal
alloys. Development of such a statistics model in conjunction with a theoretical derivation allows
for the unique distillation of statistic relevance within the data set to be quickly injected into the
theoretical derivation. If specific experimental parameters of electromagnetic radiation indicate
limited relevance, the theoretical derivation and explanation may be simplified for broader
application. Such a model will be able to adapt to varying materials and electrochemical situations
readily, therefore, resulting in a robust electrochemical model for dissemination to the science,
technology, engineering, and mathematics (STEM) community.
8.2.1.3.4. Anticipated Findings
Overall, the research outlined in this proposal will reveal the effects of oscillatory electric
potentials on metal bio-compatibility for implanted devices and on surface/fluid electrochemical
reactions. The response of each implant metal alloy to electrical input will illustrate a new
corrosion pathway and provide a unique data set for the development of fundamental
electrochemical reaction theory. To our best knowledge, this will be the first broad investigation
of the effect of time varying electromagnetic radiation and electrical activity on the subsequent
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electrochemical reactions at a surface/fluid interface. We hypothesize that corrosion of THA
implants is affected by induced electrical fields and potentials on the implant alloy surface that
works in concert with the known electrochemical and tribocorrosion processes. This study
proposes to approach the problem from an alternative viewpoint by identifying a new corrosion
mechanism for metal-based implants and provide actionable data to direct the future development
of medical implants, biosensors, and biomaterials.
In addition to the clear benefits to the biomedical community, this research advances the
fundamental understanding of dynamic electrochemical reactions incited by an external oscillatory
electric field. This work eliminates the quasi-static assumption of electromagnetic fields that has
dominated the development of many chemical bonding theories. Completion of this work will
result in a heightened understanding of the physical world.
8.2.1.3.5. Potential Pitfalls and Alternative Strategies
The proposed study is one of significant risk, both known and unknown. However, it has the
potential to fundamentally change both medical perspective on implanted technologies and the
fundamental models of surface electrochemistry within environments subjected to significant
ambient electromagnetic radiation. As such, the proposal carries with it significant potential
pitfalls. The work focuses primarily on the corrosion response of metals given a specified electric
potential oscillation, via direct connection and induced EMF, at limited selected frequencies or
known spectrum of frequencies. However, a natural surface/fluid interface is subjected to the entire
spectrum of electromagnetic radiation at varying magnitudes. Even though this corrosion
mechanism is believed to be frequency dependent, it is not feasible to test all possible frequencies
of electric potential oscillation. The proposal tests across the common spectrum of electrical device
frequencies but investigates only limited frequencies within each frequency decade. The response
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of the corrosion mechanism may not show a consistent trend between frequency decades. If that
is the case, intermediate frequencies will be tested to develop a consistent trend for the corrosion
effects caused by the frequency of oscillation.
The proposal suggests the investigation of the effects of the magnitude of oscillation; based on
recorded voltage potentials from nerve conduction studies, skin electrodes, and other EMF
radiation studies published in literature [110, 241-245], and preliminary recordings of a standard
prosthetic submerged in simulated synovial fluid, subjected to ambient EMF radiation within a
lab. This serves as a well-founded initial assumption of voltage magnitudes but may not be a
perfect representation of the electrical activity on the hip implant itself, when surrounded by living
tissue, muscle, bone, blood, etc. The exact magnitudes of electrical oscillation investigated in this
proposal will be adjusted based on the recorded electrical activity calculated from the implant
model. Attempts to further classify electrical activity present on implanted metals will be left for
future study.
The complexity and novelty of the proposed electrochemical reaction phenomenon represents
a significant challenge within the proposed work. Therefore, great care has been taken to develop
simple, highly reproducible experimental methods, based on the current standard procedures of
the industry. The experimental investigation begins with the simplest setup which can investigate
the proposed phenomenon. The simulated synovial fluid will begin as PBS and increase in
complexity only as required to initiate the generation of corrosion products. Additionally, corrosion
samples will begin as simple discs, reducing the geometrical complexity of the experiment. The
research team must consistently attempt to reduce the complexity of experimentation to ensure
highly reproducible results.
A potential pitfall arising from the attempted simplification, is the use of direct electrical
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connection in the first step of phase one. Electric activity via direct electrical connection is
markedly different than by induced electric field through the simulated environment. The corrosion
sample must be held within its passive region or be illustrated to enter a trans-passive region by
induced electric fields. The difference in orientation of the electric field created by direct
connection versus near field antenna may alter the electrochemical reactions. Although a much
simpler experimental setup, direct electrical connection may not produce the same corrosion result.
That is why both direct and induced electrical excitation must be investigated. If the corrosion
results are identical, direction connection is an adequate simplification for induced electric fields.
However, if the corrosion results differ, the results of direct electrical connection can be adapted
to provide foundational experimental evidence where higher frequency corrosion processes of
electrodes are of concern, such as electrocautery, deep brain stimulation, and electrode theory on
charge injection at pacemakers.

8.2.1.4. Timeline and Management
Year 1
Half 1
XXX
XX

Aims
Aim 1
Aim 2
Aim 3
Broader Impact X

Half 2
XXX
XX
X

Year 2
Half 1
XXXX
X
X

Half 2
XX
XX
X
X

Year 3
Half 1
X
XXX
X
X

Table 8.2.1. Timeline with planned schedule of events for the proposed work
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Half 2
XXXX
X
X

Appendix A
Appendix A contains a copy of US Patent #11,101,482: Solid Oxide Fuel Cell Catalytic Converter
[117]. The patent begins on the following page.

(Rest of Page Intentionally Left Blank)
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Appendix B
Appendix B illustrates a MATLAB script utilized for the results presented in Chapter 4. The script
initially reads in and organizes the raw data files from the MS. The script then eliminates
extraneous negative values and low amplitude noise, before calibrating the scans with external GC
data. Curves are then plotted, and transfer coefficients are calculated.
%Re Test Catalytic
%NO reduction comparison between SOFC and Catalytic Converter
%10% NO 90% N2 at 5 ml/min
% Thomas Welles 2019 for Nat. Sci Report Manuscript
clear all
close all
data=importdata('slowflow.xlsx');
data2=importdata('newtestslow.xlsx');
%%
data=data.data;
data2=data2.data;
%%
cycle=data(:,1);
mass=data(:,4);
mass=mass(500:5961);
data=data(:,5);
data2=data2(:,5);
%%
%Arrange in columns
for i=1:89;
ndata(:,i)=data((1+(5961*(i-1))):5961*i);
end
for i=1:61;
ndata2(:,i)=data2((1+(5961*(i-1))):5961*i);
end
%eliminate non-pyscial negative values
for i=1:5961
for n=1:89
if ndata(i,n)<1*10^-8
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ndata(i,n)=0;
end
end
end
for i=1:5961
for n=1:61
if ndata2(i,n)<1*10^-8
ndata2(i,n)=0;
end
end
end
%%
%Define Each test condition
base=ndata(500:end,71:73);
cat=ndata(500:end,88:89);
cell=ndata(500:end,12:21);
cellvolt=ndata(500:end,35:60);
cell5=ndata2(500:end,1:28);
cell13=ndata2(500:end,29:30);
cellvolt5=ndata2(500:end,35:52);
cellvolt13=ndata2(500:end,53:61);
cell5=cell5(:,21:28);
cellvolt5=cellvolt5(:,5:8);
%%
%Average over cycles for each variable
base=mean(base,2);
cat=mean(cat,2);
cell=mean(cell,2);
cellvolt=mean(cellvolt,2);
cell5=mean(cell5,2);
cell13=mean(cell13,2);
cellvolt5=mean(cellvolt5,2);
cellvolt13=mean(cellvolt13,2);
%%
%Calculate the Area under the MS curve
areabase=trapz(base);
areacat=trapz(cat);
areacell=trapz(cell);
areavolt=trapz(cellvolt);
areacell5=trapz(cell5);
areacell13=trapz(cell13);
areacellvolt5=trapz(cellvolt5);
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areacellvolt13=trapz(cellvolt13);
%%
%Normalize by self area for each specimen
base=base./areabase;
cat=cat./areacat;
cell5=cell5./areacell5;
cellvolt5=cellvolt5./areacellvolt5;
%Scale plot so that the maximum across the test equals 1
maximum=max([base; cat; cell5; cellvolt5]);
base=base./maximum;
cat=cat./maximum;
cell5=cell5./maximum;
cellvolt5=cellvolt5./maximum;
%%
%Plot and smooth jagged edges with sgolay filter
in=9;
figure
plot(mass,sgolayfilt(base,1,in))
hold on
plot(mass,sgolayfilt(cat,1,in))
plot(mass,sgolayfilt(cell5,1,in))
plot(mass,sgolayfilt(cellvolt5,1,in))
grid on
axis([10,50,0,1])
xlabel('Mass/Charge')
ylabel('Relative Abundance')
legend('Baseline ','Platinum Catalytic Converter','Electrochemical Catalyst','Electro-chemical Catalyst with Supplied PWM
Voltage')
%%
%Calculate NO peak area and compare
NObase=trapz(base(2332:2522))
NOcat=trapz(cat(2332:2522))
NOcell=trapz(cell(2332:2522))
NOvolt=trapz(cellvolt(2332:2522))
NOcell5=trapz(cell5(2332:2522))
NOcellvolt5=trapz(cellvolt5(2332:2522))
catpercent=(NOcat-NObase)/NObase*100
cell5percent=(NOcell5-NObase)/NObase*100
cellvolt5percent=(NOcellvolt5-NObase)/NObase*100
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%%
%Compare N2 peak area. Calibrate area from GC data and certified
airgas
%mixture
N2base=trapz(base(2210:2330));
N2cat=trapz(cat(2210:2300));
N2cell5=trapz(cell5(2230:2300));
N2cellvolt5=trapz(cellvolt5(2230:2300));
calibration=0.9*areabase/N2base;
N2basepercent=N2base/areabase*calibration
N2catpercent=N2cat/areacat*calibration
N2cell5percent=N2cell5/areacell5*calibration
N2cellvolt5percent=N2cellvolt5/areacellvolt5*calibration
%nitrogen change area percentage
catN2change=(N2cat-N2base)/N2base*100
cell5changeN2=(N2cell5-N2base)/N2base*100
cellvolt5changeN2=(N2cellvolt5-N2base)/N2base*100
%%
O2base=trapz(base(2600:2800));
O2cat=trapz(cat(2600:2800));
O2cell5=trapz(cell5(2600:2800));
O2cellvolt5=trapz(cellvolt5(2600:2800));
%oxygen change
baseO2change=O2base/areabase*100
catO2change=O2cat/areacat*100
cell5changeO2=O2cell5/areacell5*100
cellvolt5changeO2=O2cellvolt5/areacellvolt5*100
%%
%N2O
N2Obase=trapz(base(3800:4000));
N2Ocat=trapz(cat(3800:4000));
N2Ocell5=trapz(cell5(3800:4000));
N2Ocellvolt5=trapz(cellvolt5(3800:4000));
%N2O change
baseN2Ochange=N2Obase/areabase*100
catN2Ochange=N2Ocat/areacat*100
cell5changeN2O=N2Ocell5/areacell5*100
cellvolt5changeN2O=N2Ocellvolt5/areacellvolt5*100
%%
%updated calcs for resubmit manuscript.
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%Calculate requested nitrogen transfer coefficient from combined
GC and MS
%data
NObase=10;
NOcat=7.08;
NOcell=3.10;
NOcellvolt=2.07;
%with 100% to N2 transfer efficiency
cat_ideal=(NObase-NOcat)/2;
cell_ideal=(NObase-NOcell)/2;
cellvolt_ideal=(NObase-NOcellvolt)/2;
%real transfer efficiency
transfer_cat=(N2catpercent-N2basepercent)*100/cat_ideal*100
transfer_cell=(N2cell5percent-N2basepercent)*100/cell_ideal*100
transfer_cellvolt=(N2cellvolt5percentN2basepercent)*100/cellvolt_ideal*100
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Appendix C
Appendix C includes larger images, colored EDS color maps, and unused EIS plots pertaining to
Chapter 5, Section 5.2.
Figure C.1: Larger SEM image of surface deposit on Sample E from Section 5.2
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Figure C.2: Larger SEM image of surface dissolution on Sample E from Section 5.2
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Figure C.3: Color EDS mapping of Sample A from Section 5.2
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Figure C.4: Color EDS mapping of Sample B from Section 5.2
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Figure C.5: Color EDS mapping of Sample C from Section 5.2
Thomas Welles
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Figure C.6: Color EDS mapping of Sample D from Section 5.2
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Figure C.7: Color EDS mapping of Sample E from Section 5.2
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Figure C.8: Daily comparison of 2-probe Nyquist plots from Section 5.2
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Figure C.9: Daily comparison of 2-probe Bode plots from Section 5.2
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Figure C.10: Daily comparison of 2-probe Bode plots from Section 5.2
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Appendix D
Appendix D includes full size images, colored EDS color maps , and larger EIS plots pertaining
to Chapter 5, Section 5.3.
Figure D.1: Larger SEM image of Sample A from Section 5.3
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Figure D.2: Larger SEM image of Sample B from Section 5.3
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Figure D.3: Larger SEM image of Sample C from Section 5.3
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Figure D.4: Color EDS mapping of Sample A from Section 5.3
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Figure D.5: Color EDS mapping of Sample B from Section 5.3
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Figure D.6: Color EDS mapping of Sample C from Section 5.3
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Figure D.7: Larger Nyquist plot in corrosion fluid from Section 5.3

335

Figure D.8: Larger Bode plot in corrosion fluid from Section 5.3

336

Figure D.9: Larger Bode plot in corrosion fluid from Section 5.3

337

Figure D.10: Larger Nyquist plot in fresh fluid from Section 5.3

338

Figure D.11: Larger Bode plot in fresh fluid from Section 5.3

339

Figure D.12: Larger Bode plot in fresh fluid from Section 5.3

340

Figure D.13: Larger Nyquist plot of model fit from Section 5.3

341

Figure D.14: Larger Bode plot of model fit from Section 5.3

342

Figure D.15: Larger Bode plot of model fit from Section 5.3

343

Figure D.16: Larger 2-probe CV plot from Section 5.3

344

Appendix E
Appendix E includes full size images, colored EDS color maps , and larger EIS plots pertaining to
Chapter 5, Section 5.4.
Figure E.1: Larger SEM image of Sample A from Section 5.4 prior to sonication

345

Figure E.2: Larger SEM image of Sample B from Section 5.4 prior to sonication

346

Figure E.3: Additional SEM image of Sample B from Section 5.4 prior to sonication

347

Figure E.4: Larger SEM image of Sample B from Section 5.4 prior to sonication
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Figure E.5: Additional SEM image of Sample B from Section 5.4 prior to sonication

349

Figure E.6: Larger SEM image of Sample C from Section 5.4 prior to sonication
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Figure E.7: Additional SEM image of Sample C from Section 5.4 prior to sonication
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Figure E.8: Larger SEM image of Sample C from Section 5.4 prior to sonication

352

Figure E.9: Larger SEM image of Sample A from Section 5.4 post sonication

353

Figure E.10: Additional SEM image of Sample A from Section 5.4 post sonication

354

Figure E.11: Additional SEM image of Sample B from Section 5.4 post sonication

355

Figure E.12: Additional SEM image of Sample B from Section 5.4 post sonication
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Figure E.13: Additional SEM image of Sample B from Section 5.4 post sonication

357

Figure E.14: Additional SEM image of Sample B from Section 5.4 post sonication
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Figure E.15: Additional SEM image of Sample B from Section 5.4 post sonication
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Figure E.16: Additional SEM image of Sample B from Section 5.4 post sonication

360

Figure E.17: Additional SEM image of Sample B from Section 5.4 post sonication
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Figure E.18: Additional SEM image of Sample B from Section 5.4 post sonication
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Figure E.19: Additional SEM image of Sample B from Section 5.4 post sonication
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Figure E.20: Additional SEM image of Sample B from Section 5.4 post sonication
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Figure E.21: Additional SEM image of Sample B from Section 5.4 post sonication

365

Figure E.22: Additional SEM image of Sample C from Section 5.4 post sonication
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Figure E.23: Additional SEM image of Sample C from Section 5.4 post sonication

367

Figure E.24: Additional SEM image of Sample C from Section 5.4 post sonication

368

Figure E.25: Additional SEM image of Sample C from Section 5.4 post sonication

369

Figure E.26: Additional SEM image of Sample C from Section 5.4 post sonication
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Figure E.27: Color EDS map of Sample A from Section 5.4 prior to sonication
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Figure E.28: Color EDS map of Sample B from Section 5.4 prior to sonication
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Figure E.29: Additional color EDS map of Sample B from Section 5.4 prior to sonication
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Figure E.30: Color EDS map of Sample C from Section 5.4 prior to sonication
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Figure E.31: Additional color EDS map of Sample C from Section 5.4 prior to sonication
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Figure E.32: Color EDS map of Sample A from Section 5.4 post sonication
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Figure E.33: Color EDS map of Sample B from Section 5.4 post sonication
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Figure E.34: Additional color EDS map of Sample B from Section 5.4 post sonication
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Figure E.35: Additional color EDS map of Sample B from Section 5.4 post sonication

MAP 1

20 µm

BEC

20 µm

C K

20 µm

O K

20 µm

P K

20 µm

Ca K

20 µm

Cr K

391

Co K

20 µm

Acquisition Condition

[MAP 1]
9.0

Instrument

: IT100LA

8.0

Volt

: 14.00 kV

Current

: ---

Process Time

: T1

Live time
sec.

: 78.58

Real Time
sec.

: 79.87

DeadTime

: 2.00 %

Count Rate
CPS

: 6919.00

7.0

Counts[x1.E+3]

Mo L

20 µm

C

6.0

Co
O

Cr
Mo
P

5.0

Ca

Cr

4.0

Co
Cr

3.0
2.0

Mo
Co
Ca

Mo

Cr

Co

1.0
0.0
0.00

Formula

1.00

2.00

mass%

3.00

Atom%

4.00

Sigma

5.00
keV

Net

6.00

7.00

8.00

9.00

K ratio

392

10.00

Line

Figure E.36: Additional color EDS map of Sample B from Section 5.4 post sonication
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Figure E.37: Color EDS map of Sample C from Section 5.4 post sonication
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Figure E.38: Additional color EDS map of Sample C from Section 5.4 post sonication
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Figure E.39: Additional color EDS map of Sample C from Section 5.4 post sonication
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Figure E.40: Larger 3-probe Nyquist plot Section 5.4 prior to sonication with Ag/AgCl reference
and Pt counter electrode
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Figure E.41: Larger 3-probe Bode plot Section 5.4 prior to sonication with Ag/AgCl reference
and Pt counter electrode
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Figure E.42: Larger 3-probe Bode plot Section 5.4 prior to sonication with Ag/AgCl reference
and Pt counter electrode

404

Figure E.43: Larger 3-probe CV plot Section 5.4 prior to sonication with Ag/AgCl reference and
Pt counter electrode
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Figure E.44: Larger 3-probe Nyquist plot Section 5.4 post sonication with Ag/AgCl reference and
Pt counter electrodes
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Figure E.45: Larger 3-probe Bode plot Section 5.4 post sonication with Ag/AgCl reference and
Pt counter electrodes
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Figure E.46: Larger 3-probe Bode plot Section 5.4 post sonication with Ag/AgCl reference and
Pt counter electrodes
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Figure E.47: Larger 3-probe CV plot Section 5.4 post sonication with Ag/AgCl reference and Pt
counter electrodes
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Appendix F
Appendix F includes full size images, colored EDS color maps , and larger/unused EIS plots
pertaining to Chapter 6, Section 6.2.
Figure F.1: Larger SEM image of Sample A from Section 6.2

410

Figure F.2: Larger SEM image of Sample B from Section 6.2

411

Figure F.3: Additional SEM image of Sample B from Section 6.2

412

Figure F.4: Larger SEM image of Sample C from Section 6.2

413

Figure F.5: Additional SEM image of Sample C from Section 6.2
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Figure F.6: Additional SEM image of Sample C from Section 6.2
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Figure F.7: Additional SEM image of Sample C from Section 6.2
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Figure F.8: Additional SEM image of Sample C from Section 6.2

417

Figure F.9: Color EDS map of Sample A from Section 6.2
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419
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Figure F.10: Color EDS map of Sample B from Section 6.2
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Figure F.11: Additional color EDS map of Sample B from Section 6.2
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Figure F.12: Color EDS map of Sample C from Section 6.2
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Figure F.13: Additional color EDS map of Sample C from Section 6.2
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Figure F.14: Additional color EDS map of Sample C from Section 6.2
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Figure F.15: Unused 2-probe symmetric cell CV plot for samples from Section 6.2
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Figure F.16: Unused 2-probe symmetric cell Nyquist plot for samples from Section 6.2

436

Figure F.17: Unused 2-probe symmetric cell Nyquist plot for samples from Section 6.2

437

Figure F.18: Unused 2-probe symmetric cell Bode plot for samples from Section 6.2

438

Figure F.19: Unused 2-probe symmetric cell Nyquist plot on Day 3 of test Section 6.2

439

Figure F.20: Unused 2-probe symmetric cell Bode plot on Day 3 of test Section 6.2

440

Figure F.21: Unused 2-probe symmetric cell Bode plot on Day 3 of test Section 6.2

441

Figure F.22: Unused 2-probe symmetric cell Nyquist plot on Day 5 of test Section 6.2

442

Figure F.23: Unused 2-probe symmetric cell Bode plot on Day 5 of test Section 6.2

443

Figure F.24: Unused 2-probe symmetric cell Bode plot on Day 5 of test Section 6.2
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Figure F.25: Unused 2-probe symmetric cell Nyquist plot on Day 7 of test Section 6.2

445

Figure F.26: Unused 2-probe symmetric cell Bode plot on Day 7 of test Section 6.2

446

Figure F.27: Unused 2-probe symmetric cell Bode plot on Day 7 of test Section 6.2
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Figure F.28: Unused 2-probe symmetric cell Nyquist plot on Day 9 of test Section 6.2

448

Figure F.29: Unused 2-probe symmetric cell Bode plot on Day 9 of test Section 6.2

449

Figure F.30: Unused 2-probe symmetric cell Bode plot on Day 9 of test Section 6.2

450

Figure F.31: Unused 2-probe symmetric cell Nyquist plot on Day 11 of test Section 6.2

451

Figure F.32: Unused 2-probe symmetric cell Bode plot on Day 11 of test Section 6.2

452

Figure F.33: Unused 2-probe symmetric cell Bode plot on Day 11 of test Section 6.2

453

Figure F.34: Unused 2-probe symmetric cell Nyquist plot on Day 13 of test Section 6.2

454

Figure F.35: Unused 2-probe symmetric cell Bode plot on Day 13 of test Section 6.2

455

Figure F.36: Unused 2-probe symmetric cell Bode plot on Day 13 of test Section 6.2

456

Figure F.37: Larger 3-probe Nyquist plot from Section 6.2 with Ag/AgCl reference and Pt counter
electrodes

457

Figure F.38: Larger 3-probe Bode plot from Section 6.2 with Ag/AgCl reference and Pt counter
electrodes

458

Figure F.39: Larger 3-probe Bode plot from Section 6.2 with Ag/AgCl reference and Pt counter
electrodes

459

Figure F.40: Additional 3-probe Nyquist plot from Section 6.2 with Ag/AgCl reference and Pt
counter electrodes

460

Figure F.41: Additional 3-probe Bode plot from Section 6.2 with Ag/AgCl reference and Pt
counter electrodes

461

Figure F.42: Additional 3-probe Bode plot from Section 6.2 with Ag/AgCl reference and Pt
counter electrodes

462

Figure F.43: Larger 3-probe CV plot from Section 6.2 with Ag/AgCl reference and Pt counter
electrodes

463

Appendix G
Appendix G contains a sample of Matlab script used for XRD plotting and calculations. The script
initially reads in the raw XRD data with background removed and organizes the data. Each data
element is then smoothed and plotted.
%Thomas Welles
%XRD for Nature Sci Rep March 24 2021
clear all
close all
data=importdata('Hip Data_03-16-21.xlsx');
colhead=data.colheaders;
data=data.data;
angle=data(:,1);
A=data(:,2);
Asub=data(:,3);
B=data(:,4);
Bsub=data(:,5);
C=data(:,6);
Csub=data(:,7);
base=data(:,8);
basesub=data(:,9);
dummy=ones(length(Csub),1).*1.25;
%%
window=5;
basesub=smoothdata(basesub,'gaussian',window);
Asub=smoothdata(Asub,'gaussian',window);
Bsub=smoothdata(Bsub,'gaussian',window);
Csub=smoothdata(Csub,'gaussian',window);
%%
%scale the data to match maximum peak
maxA=max(Asub);
Asub=Asub./maxA;
maxB=max(Bsub);
Bsub=Bsub./maxB;
maxC=max(Csub);
Csub=Csub./maxC;
maxbase=max(basesub);
464

basesub=basesub./maxbase;
%%
h=plot(angle,(3*dummy+Csub));
set(h, {'color'}, {[0.4660 0.6740
i=text(18,4,'Sample C');
set(i, {'color'}, {[0.4660 0.6740
hold on
h=plot(angle,(2*dummy+Bsub));
set(h, {'color'}, {[0.6350 0.0780
i=text(18,2.75,'Sample B');
set(i, {'color'}, {[0.6350 0.0780

0.1880]});
0.1880]});
0.1840]});
0.1840]});

h=plot(angle,(dummy+Asub));
set(h, {'color'}, {[0 0.4470 0.7410]});
i=text(18,1.5,'Sample A');
set(i, {'color'}, {[0 0.4470 0.7410]});
h=plot(angle,(basesub));
set(h, {'color'}, {[0 0 0]});
i=text(18,.25,'Base Alloy');
set(i, {'color'}, {[0 0 0]});
plot([41.3465,41.3465],[-0,4.5],': k')
plot([44.0371,44.0371],[-0,5.25],': k')
plot([47.1338,47.1338],[-0,4.5],': k')
plot([51.0935,51.0935],[-0,5.25],': k')
plot([75.1565,75.1565],[-0,5.25],': k')
plot([79.37,79.37],[2.5,4.5],': k')
plot(71,4.25,'* k')
i=text(41.3,4.5,[char(949) '-(100)']);
set(i, {'color'}, {[0 0 0]});
set(i, 'Rotation',90);
i=text(44,5.25,['\gamma-(111)']);
set(i, {'color'}, {[0 0 0]});
set(i, 'Rotation',90);
i=text(47.1,4.5,[char(949) '-(102)']);
set(i, {'color'}, {[0 0 0]});
set(i, 'Rotation',90);
i=text(51,5.25,['\gamma-(200)']);
set(i, {'color'}, {[0 0 0]});
465

set(i, 'Rotation',90);
i=text(75.1,5.25,['\gamma-(220)']);
set(i, {'color'}, {[0 0 0]});
set(i, 'Rotation',90);
i=text(79.3,4.5,['d=1.206' char(197)]);
set(i, {'color'}, {[0 0 0]});
set(i, 'Rotation',90);
set(gca,'YTick',[])
axis([15, 90, -.25, 6.3])
%set(gca, 'XTick', 0:0.5:80)
xlabel('2\theta (Degrees)')
ylabel('Intensity (a.u.)')
%%
figure
h=plot(angle,(Csub));
set(h, {'color'}, {[0.4660 0.6740
i=text(18,4,'Sample C');
set(i, {'color'}, {[0.4660 0.6740
hold on
h=plot(angle,(Bsub));
set(h, {'color'}, {[0.6350 0.0780
i=text(18,2.75,'Sample B');
set(i, {'color'}, {[0.6350 0.0780

0.1880]});
0.1880]});
0.1840]});
0.1840]});

h=plot(angle,(Asub));
set(h, {'color'}, {[0 0.4470 0.7410]});
i=text(18,1.5,'Sample A');
set(i, {'color'}, {[0 0.4470 0.7410]});
h=plot(angle,(basesub));
set(h, {'color'}, {[0 0 0]});
i=text(18,.25,'Base Alloy');
set(i, {'color'}, {[0 0 0]});
set(gca,'YTick',[])
axis([15, 90, -.25, 5])
%set(gca, 'XTick', 0:0.5:80)
xlabel('2\theta (Degrees)')
ylabel('Intensity (a.u.)')
466

Appendix H
Appendix H contains a sample MATLAB script for Raman Spectroscopy plotting and calculation.
The script utilizes a Savitzky-Golay filter to smooth extraneous noise prior to plotting.
%Thomas Welles
%August 20 2021 Raman plotting
% Raman data_Nature Revision 10_6_2020 data
clear all
close all
data=importdata('Raman data_ Nature Revision 10_6_2020
data.xlsx');
%%
data=data.data;
uncorroded=data.Sheet1;
base_unsonicated=data.Sheet2;
base_sonicated=data.Sheet3;
sine_unsonicated=data.Sheet4;
sine_sonicated=data.Sheet5;
square_unsonicated=data.Sheet7;
square_sonicated=data.Sheet6;
%%
len=23;
n=2;
uncorroded(:,2)=sgolayfilt(uncorroded(:,2),n,len);
base_unsonicated(:,2)=sgolayfilt(base_unsonicated(:,2),n,len);
base_sonicated(:,2)=sgolayfilt(base_sonicated(:,2),n,len);
sine_unsonicated(:,2)=sgolayfilt(sine_unsonicated(:,2),n,len);
sine_sonicated(:,2)=sgolayfilt(sine_sonicated(:,2),n,len);
square_unsonicated(:,2)=sgolayfilt(square_unsonicated(:,2),n,len
);
square_sonicated(:,2)=sgolayfilt(square_sonicated(:,2),n,len);
%%
%scale to maximum on the graph to 1 for easy plotting
i=max(uncorroded(:,2));
j=max(base_unsonicated(:,2));
k=max(sine_unsonicated(:,2));
l=max(square_unsonicated(:,2));
unsonicated_max=max([i j k l]);
i=max(uncorroded(:,2));
j=max(base_sonicated(:,2));
k=max(sine_sonicated(:,2));
l=max(square_sonicated(:,2));
467

sonicated_max=max([i j k l]);
%%
%Unsonicated Overlay
figure
plot(uncorroded(:,1),uncorroded(:,2)./unsonicated_max,'k')
hold on
h=plot(base_unsonicated(:,1),base_unsonicated(:,2)./unsonicated_
max);
set(h, {'color'}, {[0 0.4470 0.7410]});
h=plot(sine_unsonicated(:,1),sine_unsonicated(:,2)./unsonicated_
max);
set(h, {'color'}, {[0.6350 0.0780 0.1840]});
h=plot(square_unsonicated(:,1),square_unsonicated(:,2)./unsonica
ted_max);
set(h, {'color'}, {[0.4660 0.6740 0.1880]});
legend('Uncorroded Sample','Sample A','Sample B','Sample C')
%set(gca,'YTick',[])
xlabel('Raman Shift (cm^-1)')
ylabel('Relative Intensity')

%%
%Sonicated Overlay
figure
plot(uncorroded(:,1),uncorroded(:,2)./sonicated_max,'k')
hold on
h=plot(base_sonicated(:,1),base_sonicated(:,2)./sonicated_max);
set(h, {'color'}, {[0 0.4470 0.7410]});
h=plot(sine_sonicated(:,1),sine_sonicated(:,2)./sonicated_max);
set(h, {'color'}, {[0.6350 0.0780 0.1840]});
h=plot(square_sonicated(:,1),square_sonicated(:,2)./sonicated_ma
x);
set(h, {'color'}, {[0.4660 0.6740 0.1880]});
legend('Uncorroded Sample','Sample A','Sample B','Sample C')
%set(gca,'YTick',[])
xlabel('Raman Shift (cm^-1)')
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ylabel('Relative Intensity')
%%
%Spread Out
%Unsonicated
space=1;
figure
plot(uncorroded(:,1),uncorroded(:,2)./unsonicated_max,'k')
i=text(-550,.1,'Base Alloy');
set(i, {'color'}, {[0 0 0]});
hold on
h=plot(base_unsonicated(:,1),(base_unsonicated(:,2)./unsonicated
_max)+space);
set(h, {'color'}, {[0 0.4470 0.7410]});
i=text(-550,1.1,'Sample A');
set(i, {'color'}, {[0 0.4470 0.7410]});
h=plot(sine_unsonicated(:,1),(sine_unsonicated(:,2)./unsonicated
_max)+space*2);
set(h, {'color'}, {[0.6350 0.0780 0.1840]});
i=text(-550,2.1,'Sample B');
set(i, {'color'}, {[0.6350 0.0780 0.1840]});
h=plot(square_unsonicated(:,1),(square_unsonicated(:,2)./unsonic
ated_max)+space*3);
set(h, {'color'}, {[0.4660 0.6740 0.1880]});
i=text(-550,3.1,'Sample C');
set(i, {'color'}, {[0.4660 0.6740 0.1880]});
set(gca,'YTick',[])
xlabel('Raman Shift (cm^-1)')
ylabel('Relative Intensity')
xlim([-600 3700])
%Vertical Lines
plot([140,140],[-0,3.25],': k')
plot([286,286],[-0,3.5],': k')
plot([425,425],[-0,3.5],': k')
plot([800,800],[-0,3.25],': k')
plot([960,960],[-0,3.5],': k')
plot([1340,1340],[-0,3.25],': k')
plot([1450,1450],[-0,3.5],': k')
plot([1631,1631],[-0,3.25],': k')
plot([2326,2326],[-0,3.5],': k')
plot([2720,2720],[-0,3.25],': k')
plot([2900,2900],[-0,3.5],': k')
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plot([3054,3054],[-0,3.25],': k')
ylim([-0.1, 4])
i=text(140,3.25,['140']);
set(i, {'color'}, {[0 0 0]});
set(i, 'Rotation',90);
i=text(286,3.5,['286']);
set(i, {'color'}, {[0 0 0]});
set(i, 'Rotation',90);
i=text(425,3.5,['425']);
set(i, {'color'}, {[0 0 0]});
set(i, 'Rotation',90);
i=text(800,3.25,['800']);
set(i, {'color'}, {[0 0 0]});
set(i, 'Rotation',90);
i=text(960,3.5,['960']);
set(i, {'color'}, {[0 0 0]});
set(i, 'Rotation',90);
i=text(1340,3.25,['1340']);
set(i, {'color'}, {[0 0 0]});
set(i, 'Rotation',90);
i=text(1450,3.5,['1450']);
set(i, {'color'}, {[0 0 0]});
set(i, 'Rotation',90);
i=text(1631,3.25,['1631']);
set(i, {'color'}, {[0 0 0]});
set(i, 'Rotation',90);
i=text(2326,3.5,['2326']);
set(i, {'color'}, {[0 0 0]});
set(i, 'Rotation',90);
i=text(2720,3.25,['2720']);
set(i, {'color'}, {[0 0 0]});
set(i, 'Rotation',90);
i=text(2900,3.5,['2900']);
set(i, {'color'}, {[0 0 0]});
set(i, 'Rotation',90);
i=text(3054,3.25,['3054']);
set(i, {'color'}, {[0 0 0]});
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set(i, 'Rotation',90);

%Sonicated spread out
space=1;
figure
plot(uncorroded(:,1),uncorroded(:,2)./sonicated_max,'k')
i=text(-550,.1,'Base Alloy');
set(i, {'color'}, {[0 0 0]});
hold on
h=plot(base_sonicated(:,1),(base_sonicated(:,2)./sonicated_max)+
space);
set(h, {'color'}, {[0 0.4470 0.7410]});
i=text(-550,1.1,'Sample A');
set(i, {'color'}, {[0 0.4470 0.7410]});
h=plot(sine_sonicated(:,1),(sine_sonicated(:,2)./sonicated_max)+
space*2);
set(h, {'color'}, {[0.6350 0.0780 0.1840]});
i=text(-550,2.1,'Sample B');
set(i, {'color'}, {[0.6350 0.0780 0.1840]});
h=plot(square_sonicated(:,1),(square_sonicated(:,2)./sonicated_m
ax)+space*3);
set(h, {'color'}, {[0.4660 0.6740 0.1880]});
i=text(-550,3.1,'Sample C');
set(i, {'color'}, {[0.4660 0.6740 0.1880]});
set(gca,'YTick',[])
xlabel('Raman Shift (cm^-1)')
ylabel('Relative Intensity')
xlim([-600 3700])

%Vertical Lines
plot([140,140],[-0,3.5],': k')
plot([286,286],[-0,3.75],': k')
plot([425,425],[-0,3.75],': k')
plot([800,800],[-0,3.5],': k')
plot([960,960],[-0,3.75],': k')
plot([1340,1340],[-0,3.5],': k')
plot([1450,1450],[-0,3.75],': k')
plot([1631,1631],[-0,3.5],': k')
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plot([2326,2326],[-0,3.75],': k')
plot([2720,2720],[-0,3.5],': k')
plot([2900,2900],[-0,3.75],': k')
plot([3054,3054],[-0,3.5],': k')
plot([1074,1074],[-0,3.5],': k')
ylim([-0.1, 4.25])
i=text(1074,3.5,['1074']);
set(i, {'color'}, {[0 0 0]});
set(i, 'Rotation',90);
i=text(140,3.5,['140']);
set(i, {'color'}, {[0 0 0]});
set(i, 'Rotation',90);
i=text(286,3.75,['286']);
set(i, {'color'}, {[0 0 0]});
set(i, 'Rotation',90);
i=text(425,3.75,['425']);
set(i, {'color'}, {[0 0 0]});
set(i, 'Rotation',90);
i=text(800,3.5,['800']);
set(i, {'color'}, {[0 0 0]});
set(i, 'Rotation',90);
i=text(960,3.75,['960']);
set(i, {'color'}, {[0 0 0]});
set(i, 'Rotation',90);
i=text(1340,3.5,['1340']);
set(i, {'color'}, {[0 0 0]});
set(i, 'Rotation',90);
i=text(1450,3.75,['1450']);
set(i, {'color'}, {[0 0 0]});
set(i, 'Rotation',90);
i=text(1631,3.5,['1631']);
set(i, {'color'}, {[0 0 0]});
set(i, 'Rotation',90);
i=text(2326,3.75,['2326']);
set(i, {'color'}, {[0 0 0]});
set(i, 'Rotation',90);
i=text(2720,3.5,['2720']);
set(i, {'color'}, {[0 0 0]});
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set(i, 'Rotation',90);
i=text(2900,3.75,['2900']);
set(i, {'color'}, {[0 0 0]});
set(i, 'Rotation',90);
i=text(3054,3.5,['3054']);
set(i, {'color'}, {[0 0 0]});
set(i, 'Rotation',90);
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Appendix I
Appendix I includes a sample MATLAB script for the calculation of capacitance used in EIS
modeling. The script reads in a file containing the model fit parameters from Zview and Zplot.
Capacitance and time constants are calculated following Jovic’s method. [177]
%Aug 30 2021
%calculating capacitance from model fits
clear all
close all
data=importdata('EIS Eq Model Fitting Parameter better
models.xlsx');
data=data.data;
%%
%In base units of Z view
%Uncorroded
uncorroded=data(1,:);
%Corrosion Serum
base=data(5,:);
sine=data(7,:);
square=data(9,:);
%Fresh Serum
base_fresh=data(13,:);
sine_fresh=data(15,:);
square_fresh=data(17,:);
%%
[C1,T1,R1,C2,T2,R2]=Cap_T(uncorroded);
CT_uncorroded=[C1,T1,R1,C2,T2,R2];
[C1,T1,R1,C2,T2,R2]=Cap_T(base);
CT_base=[C1,T1,R1,C2,T2,R2];
[C1,T1,R1,C2,T2,R2]=Cap_T(sine);
CT_sine=[C1,T1,R1,C2,T2,R2];
[C1,T1,R1,C2,T2,R2]=Cap_T(square);
CT_square=[C1,T1,R1,C2,T2,R2];
[C1,T1,R1,C2,T2,R2]=Cap_T(base_fresh);
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CT_base_fresh=[C1,T1,R1,C2,T2,R2];
[C1,T1,R1,C2,T2,R2]=Cap_T(sine_fresh);
CT_sine_fresh=[C1,T1,R1,C2,T2,R2];
[C1,T1,R1,C2,T2,R2]=Cap_T(square_fresh);
CT_square_fresh=[C1,T1,R1,C2,T2,R2];
%%
All_C1_T1_R1_C2_T2_R2_data_in_excel_order=[CT_uncorroded;...
CT_base;...
CT_sine;...
CT_square;...
CT_base_fresh;...
CT_sine_fresh;...
CT_square_fresh]
---------------------------------------------------------------------------------------------------------------------
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function [C1,T1,R1,C2,T2,R2] = Cap_T(model)
%Returns Capacitance and time scales of double CPE-R circuits
from model
%input is [Rs,Q1,n1,R1,Q2,n2,R2,DOF] from Zview base units
%Output C1,C2 in Farad and T1, T2 in Sec
%Note that the program corrects 1 and 2 such that 1 is the
absorption layer
%and 2 is the oxide layer
Rs=model(1);
Q1=model(2);
n1=model(3);
R1=model(4);
Q2=model(5);
n2=model(6);
R2=model(7);
chisquare=model(8);
DOF=model(9);
f=[0.1:0.01:150000];
w=f.*2.*pi;
Z1=1./(Q1*(1i*w).^n1);
Z1_imag=imag(Z1);
[val,ind]=min(Z1_imag);
w1_max=w(ind);
C1=Q1*(w1_max)^(n1-1);
T1=C1*R1;
Z2=1./(Q2*(1i*w).^n2);
Z2_imag=imag(Z2);
[val,ind]=min(Z2_imag);
w2_max=w(ind);
C2=Q2*(w2_max)^(n2-1);
T2=C2*R2;
if T1>T2
Tox=T1;
Cox=C1;
Rox=R1;
Tabs=T2;
Cabs=C2;
Rabs=R2;
T1=Tabs;
C1=Cabs;
R1=Rabs;
T2=Tox;
C2=Cox;
R2=Rox;
end

end
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Campus as a Lab for Sustainability, “Development of Advanced Solid Oxide Fuel Cell
Systems for Nitrogen Oxide Mitigation during Hydrocarbon Combustions,” Award Amount:
$25,000, PI: Thomas S. Welles, Co-PI: Jeongmin Ahn, Weiwei Zheng, 2021.
Contributed to- Syracuse University CUSE Grant, “Exploration of the Viability and
Manufacturability of a Porous Solid Oxide Fuel Cell,” Award Amount: $21,000, PI: Daekwon
Park, Co-PI: Jeongmin Ahn, 2021.
Contributed to- W.M. Keck Foundation: Phase 0, “Fundamental Investigation of Altered
Electrochemical Reaction Pathways Induced by High Frequency Nonionizing Electric Fields,”
Award Amount: Invited to Phase I submission, PI: Jeongmin Ahn, Co-PI: Benjamin Ricciardi,
2021
Contributed to- Syracuse CoE Faculty Fellows Research and Innovation, “Establishment of
Initial Exploratory Research for the Mycelium Research Group,” Award Amount: $20,000, PI:
Daekwon Park, Co-PI: Jeongmin Ahn, Zhao Qin, Nina Sharifi, 2020
National Science Foundation Graduate Research Fellowship Program, Grant No. 2019265542,
Award Amount: $138,000, Adviser: Jeongmin Ahn, Fellow: Thomas S. Welles, 2019
Contributed to- Campus as a Lab for Sustainability, “Integrated Anaerobic Digester and Fuel
Cell Power System,” Award Amount: $18,240, PI: Jeongmin Ahn, Co-PI: Benjamin AkihKumgeh, 2019.
Contributed to- Syracuse University CUSE Grant, “A Novel Combined Combustion Engine
and Solid Oxide Fuel Cell System for High Efficiency Energy Production from Liquid Based
Hydrocarbon Fuels,” Award Amount: $20,000, PI: Jeongmin Ahn, Co-PI: Benjamin AkihKumgeh, 2019
Contributed to- Syracuse CoE Faculty Fellows Research and Innovation, “Solid Oxide Fuel
Cell Modular Hybrid Powertrain for Small Unmanned Aircraft System (UAS),” Award Amount:
$20,000, PI: Jeongmin Ahn, Co-PI: Tomislav Bujanovic, 2018
TEACHING EXPERIENCE
Syracuse University
ECS 101: Introduction to Engineering and Computer Science
Graduate Teaching Assistant, Spring Semester 2018
Responsibilities: Developed instructional material, assisted in 3 computer laboratory
sessions weekly, office hours, proctoring examinations, grading
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AEE 471: Design and Analysis of Aerospace Structures
Graduate Teaching Assistant, Fall Semester 2018
Responsibilities: Lecturing assistance covering 2 lectures on Elementary Beam Theory
and Pressure Vessels, office hours, grading, proctoring examinations
MAE 251: Thermodynamics
Graduate Teaching Assistant, Spring Semester 2019
Responsibilities: Developed material for and directed 2 recitation lectures weekly, office
hours, grading, proctoring examinations
MAE 486: Fuel Cell Science and Technology
Labratory Instructor and Guest Lecturer, Fall Semesters 2019, 2020
Responsibilities: Directed 9 laboratory labratory for fuel cell manufacturing and testing,
presented 1 lecture on laboratory safety standards, presented 1 lecture on fuel cell system
design, technical reviewer for final oral presentations
MAE 686: Advanced Fuel Cell Science and Technology
Laboratory Instructor and Guest Lecturer, Fall Semesters 2018, 2019, 2020
Responsibilities: Directed 9 laboratory modules for fuel cell manufacturing and testing,
presented 1 lecture on laboratory safety standards, presented 1 lecture on fuel cell system
design and current research into Solid Oxide Fuel Cells (SOFC), technical reviewer for
final oral presentations
PUBLICATION REVIEW
• American Society of Mechanical Engineers Power Conference
• Springer Publishing: Journal of Applied Electrochemistry
SERVICE TO STEM COMMUNITY
• Graduate student advisor to the Orbit (Rocketry) Club at Syracuse University
2020-Present
• STEM community outreach in local area high schools
2019-Present
• Student research mentor for Research Experience for Undergraduate program
2017-Present
• Facilitator of laboratory tours of the Syracuse Center of Excellence for public groups
2017-Present
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• Sigma Gamma Tau (Aerospace Engineering)
• Phi Eta Sigma (First Year Honors Society)
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• Ph.D. – Advanced Fuel Cell Science and Technology, Thermodynamics and Heat Transfer,
Solid State Chemistry, Fracture Mechanics, Vibration of Mechanical Systems, Computational
Fluid Dynamics, and Computational Solid Mechanics
• M.S. and B.S. – Aerodynamics, Fuel Cell Systems, Nonlinear/Adaptive Control, Turbulence,
and Statistical Analysis
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